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Abstract

Context. We report here on new results of the systematic monitoring of southern glitching pulsars at the Argentine Institute of Radioastronomy. In particular, we study in this work the new major glitch in the Vela pulsar (PSR J0835−4510) that occurred on 2024 April 29.

Aims. We aim to thoroughly characterise the rotational behaviour of the Vela pulsar around its last major glitch and investigate the statistical properties of its individual pulses around the glitch.

Methods. We characterise the rotational behaviour of the pulsar around the glitch through the pulsar timing technique. We measured the glitch parameters by fitting timing residuals to the data collected during the days surrounding the event. In addition, we study Vela individual pulses during the days of observation just before and after the glitch. We selected nine days of observations around the major glitch on 2024 April 29 and studied their statistical properties with the Self-Organizing Maps (SOM) technique. We used Variational AutoEncoder (VAE) reconstruction of the individual pulses to separate them clearly from the noise.

Results. We obtain a precise timing solution for the glitch. We find two recovery terms of ∼3 days and ∼17 days. We find a correlation of high amplitude with narrower pulses while not finding notable qualitative systematic changes before and after the glitch.
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1. Introduction
Pulsars are highly magnetised neutron stars emitting beams of electromagnetic radiation from their magnetic poles. As these beams sweep across our line of sight, we observe regular pulses of emission, with a frequency corresponding to the star’s rotational frequency. Pulsars are extremely dense compact objects, which provides them with a very large moment of inertia. Their rotation is extraordinarily stable, which makes them in some cases as accurate as atomic clocks (Hobbs et al. 2012). However, some young pulsars present abrupt changes in their rotational frequency known as glitches. Currently, close to 200 pulsars are known to glitch (Espinoza et al. 2011; Yu et al. 2013; Manchester 2018).
The Vela pulsar (PSR J0835–4510) was the first pulsar known to glitch (Radhakrishnan & Manchester 1969; Reichley & Downs 1969). Nowadays, 26 glitches have been reported in the Vela pulsar (Basu et al. 2022; Zubieta et al. 2024c). Glitches are mainly characterised by the relative increase in the frequency of the pulsar (Δν/ν). Giant glitches have a typical size of Δν/ν ∼ 10−6 while small glitches have a typical size of Δν/ν ∼ 10−9. The Vela pulsar is one the most studied pulsars, given that it is the brightest pulsar from the southern hemisphere and presents giant glitches quasi-periodically, with these giant glitches occurring every 2–3 years.
Although the dynamics of the glitches and the mechanisms that may trigger them are poorly understood, it is widely accepted that they are a consequence of the interaction between the superfluid interior of neutron stars and their solid crusts (Andersson et al. 2012; Chamel 2013; Haskell & Melatos 2015). Therefore, observations of glitches are crucial for probing the internal structure of neutron stars and provide information on their equation of state (Lyne 1992; Gügercinoğlu 2017). The glitch magnitude (Link et al. 1999) can be used to estimate the moment of inertia of the superfluid component of the star and also to estimate the total mass of the neutron stars (Ho et al. 2015; Montoli et al. 2020; Khomenko & Haskell 2018). In addition, post-glitch relaxation can provide information on the mutual friction between the vortices in the superfluid and the solid crust (Graber et al. 2018). Finally, changes in the pulsar emission previous or during the glitch can provide further information of the coupling between the dynamics of the neutron stars and the dynamics of their magnetospheres (Bransgrove et al. 2020). In particular, during the 2016 Vela glitch, Palfreyman et al. (2018) found that the pulse shape became broader, and that a null state occurred just prior to the glitch, accompanied by a missed pulse. This was followed by a temporary loss of linear polarisation in the subsequent pulses, lasting for a short duration around the glitch event. This was later interpreted by Gügercinoğlu (2017) and Bransgrove et al. (2020) as a quake occurring deep inside the crust that induced high-frequency oscillations leading to the observed changes in the magnetosphere. To better understand the glitch phenomenon, more real-time observations of glitches are needed. However, these events are difficult to capture in real-time due to their unpredictable occurrences. It is also a valid question whether there are any magnetospheric signals that could serve as precursors to a glitch, providing clues before the event occurs.
The Pulsar Monitoring in Argentina1 (PuMA) collaboration has been using the two antennas from the Argentine Institute of Radio Astronomy (IAR) since 2019 to observe, with high cadence, a set of pulsars from the southern hemisphere that have exhibited glitches (Gancio et al. 2020). Given that the close follow-up of the Vela pulsar is a major goal of the collaboration, we already detected its last three giant glitches. We detected the 2019 glitch with observations three days before and three days after the epoch of the glitch (Lopez Armengol et al. 2019), we first reported the 2021 glitch (Sosa-Fiscella et al. 2021) with observations performed only one hour after the glitch, and we also first reported the 2024 giant glitch in Zubieta et al. (2024c). In addition, in Zubieta et al. (2024d) we reported a small glitch that occurred ∼70 d after the 2021 giant glitch. We will continue monitoring closely the Vela pulsar with 3.66 hours (3:40 hours:minutes) daily observations in an effort to catch a glitch ‘live’.
Given that the Vela pulsar is exceptionally bright, it is possible to study its individual pulses. In Lousto et al. (2021) we analysed nine of our daily observations, each lasting over three hours and capturing approximately 120 000 pulses. We then applied machine learning techniques to investigate their statistical properties. Firstly, we utilised the Density-Based Spatial Clustering of Applications with Noise (DBSCAN) (Schubert et al. 2017) techniques, grouping pulses primarily by amplitude. We thus found a correlation between higher amplitudes for pulses that arrived earlier, and a weaker (polarisation-dependent) correlation with the pulse width. We also identified clusters of “mini-giant” pulses with amplitudes about ten times the average.
In a parallel analysis, we used the Variational AutoEncoder (VAE) method to reconstruct the pulse shapes (Kingma & Welling 2014), effectively distinguishing them from noise. We chose one observation to train the VAE and we applied it to data from the other observations. We then employed Self-Organizing Maps (SOM) clustering techniques (Kohonen 1988) on these reconstructed pulses to determine four distinct clusters per day, per radio telescope. We found that the results were robust and consistent, supporting models of emission regions at different altitudes within the pulsar’s magnetosphere, separated by around 100 km.
Given the success of this methodology, we applied these techniques to data surrounding the major glitch on July 22, 2021, with daily observations collected around the event. Our findings, reported in Zubieta et al. (2023), did not reveal any unusual behaviour based on SOM clustering analysis. In this work, we employ this same technique, applying it to a consistent set of observations from a few days before and after the 2024 glitch, in search of any distinctive emission features associated with the glitch event.
2. Pulsar glitch monitoring programme at IAR
The Argentine Institute of Radio Astronomy (IAR), which is located at latitude [image: equation] and longitude [image: equation], counts with two 30 m single-dish antennas that are aligned on a north–south direction and separated by 120 m, covering a declination range of −90° < δ < −10° and an hour angle range of two hours east–west, −2 h < t < 2 h. The antennas Carlos M. Varsavsky and Esteban Bajaja are referred to as A1 and A2, respectively.
The data are obtained with a timing resolution of 146 μs for both antennas with backend or acquisition module based on two SDRs model B205 from Ettus2 using a Xilinx Spartan-6 XC6SLX75 FPGA. For A1, we utilise 128 channels of 0.875 MHz in single (circular) polarisation mode centred at 1400 MHz, whereas for A2, we use 64 channels of 1 MHz in dual polarisation (both circular polarisations added) centred at 1428 MHz. To limit systematic effects, we observe each target separately using both antennas whenever possible. In Gancio et al. (2020) we provided a thorough explanation of the features of the front ends in A1 and A2. In addition, the analysis of the radio frequency interference (RFI) environment provided in Gancio et al. (2020) revealed that the radio band from 1 GHz to 2 GHz has a low level of RFI activity that is adequate for radio astronomy, despite the fact that the IAR is not located in a quiet zone for RFI.
In addition to the ETTUS boards, we added a parallel digitaliser board in the middle of 2022 made up of Reconfigurable Open Architecture Computing Hardware (ROACH) boards (Gancio et al. 2024; Araujo Furlan et al. 2023). The ROACH boards are configured to observe, in both antennas, with dual circular polarisation and 400 MHz of bandwidth. In this work we use the data from the ETTUS receivers given that we did not fully characterise yet the results of the timing with the ROACH receivers.
We emphasise that the major advantage of the IAR’s observatory is the availability for long-term, high-cadence monitoring of bright sources. Therefore, we are carrying out since 2019 an intensive monitoring campaign of known bright pulsars in the southern hemisphere in the L-band (1400 MHz) using the two antennas. Our observational schedule is focused on high-cadence observations with up to daily cadence for some pulsars and reaching observations as long as 3.66 hours per day. This observational programme clearly results in an unique database built to explore the benefits of high-cadence monitoring, and increases the probability of observing a glitch while it is happening, an objective that has only rarely been met by other monitoring programmes (e.g. Palfreyman et al. 2018; Flanagan 1990; Dodson et al. 2002).
The findings of our glitching pulsars monitoring campaign include: (i) the report of the 2021 and 2024 glitches in the Vela pulsar (Sosa-Fiscella et al. 2021; Zubieta et al. 2024b,c), alongside the confirmation of its 2019 glitch (Lopez Armengol et al. 2019) and the discovery of a minor glitch near the 2021 giant glitch (Zubieta et al. 2024d; ii) the detection of four small glitches in PSR J1048−5832 (Zubieta et al. 2023, 2024d); (iii) the observation of the largest glitch ever recorded for PSR J1048−5832 (Zubieta et al. 2024a); (iv) the announcement of a glitch in PSR J1740−3015 that occurred in late 2022 (Zubieta et al. 2022b); and (v) the confirmation of a glitch in PSR J0742−2822 (Zubieta et al. 2022a). We also detected many discrete rotational irregularities in six glitching pulsars different to glitches (Zubieta et al. 2024d), and a clear change in the pulse profile of PSR J0742−2822 after its 2022 giant glitch (Zubieta et al. 2025).
3. Data reduction and pulsar timing technique for glitch characterisation
From the PRESTO package (Ransom 2011) we used the RFIFIND task to remove radio-frequency interferences (RFIs) from observations and the PREPFOLD task to fold the observations. We then employed the PAT task in the PSRCHIVE package (Hotan et al. 2004) to determine the times of arrival (TOAs) of the pulses with the Fourier phase gradient-matching template fitting method (Taylor 1992). We created the template by using a smoothing wavelet method (PSRSMOOTH task in PSRCHIVE package) to the pulse profile of an observation with a high signal-to-noise ratio that was left out of the posterior timing analysis.
In order to derive information from the TOAs, we introduced a timing model that aims to predict the TOAs. The discrepancy between the expected and observed TOAs can be used to obtain information about the pulsar rotation.
The temporal evolution of the phase of the pulsar is modelled as a Taylor expansion (Lorimer & Kramer 2004):
[image: thumbnail](1)
In Eq. (1), t0 is the reference epoch for the timing model and ν, [image: equation] and [image: equation] are the rotation frequency of the pulsar and its first and second derivatives at t0. Finally, ϕ is the pulse phase at the reference epoch t0. We took from the ATNF pulsar catalogue (Manchester et al. 2005) the initial parameters for the timing model and then we updated them by fitting the model to our TOAs.
During a glitch, the pulsar rotation frequency increases abruptly (Palfreyman et al. 2018). This is often accompanied by a decrease in the spin-down rate. In giant Vela glitches, the increase in the rotation frequency can generally be modelled as the sum of one permanent increase in the frequency plus other transitory increases of frequency that decay in their respective scales (Antonopoulou et al. 2022).
The additional phase in the pulsar rotation due to the glitch behaviour can be described in the timing model as (Mcculloch et al. 1987):
[image: thumbnail](2)
Here, Δϕ is the offset in the pulsar phase that helps counteract the uncertainty in the glitch epoch tg. The permanent jumps in ν and its derivatives with respect to the pre-glitch solution are Δνp, [image: equation] and [image: equation]. The transient increments in the frequency are described with Δνd, and decay after a timescale τd. For a Vela glitch, the highest number of transient components found so far is four3.
The instantaneous changes in ν and [image: equation] at the glitch epoch can be described as
[image: thumbnail](3)
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Then, the degree of recovery of the glitch, Q, is characterised by relating the transient and permanent jumps in frequency as Q = Δνd/Δνg.
4. 2024 Vela glitch characterisation
In Zubieta et al. (2024c) we first reported the detection of a new (#23) glitch in the Vela pulsar. The 22 glitches previously reported are listed in the ATNF catalogue4.
On April 28, we observed the Vela pulsar between MJD 60428.8386 and MJD 60428.9973. We observed 220 minutes using A1 and 216 minutes using A2 and measured a barycentric period of Pbary = 89.426459082(89) ms which was consistent with the ephemeris at that moment. We did not observe a glitch during that observation. Then, we observed the Vela pulsar again on MJD 60431.8304 and measured a period of Pbary = 89.426366478(76) ms, which shows a decrease with respect to the expected period of ΔP = 0.239 μs. We first placed the glitch epoch between MJD 60428.96 (2024-04-28 23h UTC) and MJD 60431.84 (2024-05-01 20h UTC). Later the glitch epoch was constrained to MJD 60429.86962(4) (Palfreyman 2024), which we have adopted in our timing solution.
In this work, we exhibit a deeper examination of the Vela timing behaviour near the glitch epoch. We focused on a small (∼70 d) time window close to the glitch to roughly characterise short-term behaviour of the glitch and avoid the effects of the strong red noise experienced by the Vela pulsar. We included 40 observations made with A1 and 23 observations made with A2. We obtained 4 ToAs (∼1 TOA per hour) from each observation and characterised the white noise using TEMPONEST (Lentati et al. 2014) to obtain the parameters TNGlobalEF and TNGlobalEQ (Li et al. 2016). The first one captures the impact of unaccounted for instrumental effects and imperfect estimations of TOA uncertainties, while the latter one addresses any additional sources of time independent uncertainties, such as pulse jitter. We obtained TNGlobalEF = 4.1283 which is the factor by which the template-fitting underestimates the ToA errorbars and TNGlobalEQ = −5.64459 which indicates a systematic uncertainty of 2 μs.
In order to obtain a full-timing solution for the glitch, we followed a procedure similar to what we did in Zubieta et al. (2023). We first obtained the pre-glitch rotational model by fitting ν, [image: equation] and [image: equation] to the TOAs before the glitch, keeping the value of the dispersion measure DM = 67.93(1) pc cm−3 as extracted from the ATNF pulsar catalogue. We show the residuals corresponding to the pre-glitch timing model in Fig. 1a. We then fit to the TOAs the permanent jumps in ν and [image: equation] (Δν and [image: equation]) in Eq. (2).
	[image: thumbnail]	Fig. 1. Vela’s timing model with the parameters from Table 1. Panel a: Residuals without including the glitch in the timing model. Panel b: Residuals after fitting for Δν and [image: equation]. Panel c: Residuals after adding and fitting the first recovery term τd1 = 17.3(3) d. Panel d: Residuals of our best timing solution, including the second recovery term τd2 = 2.78(3) d.



The timing residuals shown in Fig. 1b revealed the presence of a recovery term. We used the GLITCH plug-in in TEMPO2 to estimate τd1 ∼ 17 d. We included τd1 in the timing model together with νd1 and fitted the whole glitch model to the residuals. We still found a remaining structure in the residuals as shown in Fig. 1c. We ran the GLITCH plug-in again over these residuals and we found one extra recovery term of ∼2.8 d (see Table 1).
Table 1. 
Parameters of the timing model for the 2024 April 29 Vela glitch and their (1σ) uncertainties.

Considering the difficulty of TEMPO2 to fit recovery terms to the TOAs, we looked for the best combination of τd1 and τd2 as in the method described in Zubieta et al. (2023). Considering the values of the recoveries found through the GLITCH plug-in, we defined ranges for τd1 and τd2 between 0.5 and 30 days for both of them, and fitted Δϕ, Δν, [image: equation], Δνd1 and Δνd2 for every possible combination of τd1 and τd2 in those ranges. We searched for the glitch timing model that minimised the reduced chi-squared of the timing residuals (χred2 = χ2/d.o.f.), where d.o.f. are the degrees of freedom. We then systematically shortened the ranges for τd1 and τd2 and arrived to the solution that we show in Fig. 2, where we calculated the 1σ, 2σ and 3σ errorbars following Press et al. (1992). We obtained τd1 = 17.3(3) d and τd2 = 2.78(3) d, with a degree of recovery of Q1 = 0.562(2)% and Q2 = 0.462(1)% respectively. In this case, the degree of recovery for the first and second recovery scale are similar, and the sum of both recoveries is around 1% of the total glitch size.
	[image: thumbnail]	Fig. 2. Best fit of the decay time constants τd1 and τd2 for the 2024 Vela glitch. The solid line, dashed line, and dot-dashed line indicate the 1σ, 2σ, and 3σ confidence regions respectively.



We plotted the residuals with the best solution in Fig. 1d. Residuals are flat indicating that the glitch timing model is consistent with our data. We did not find evidence of a step change in [image: equation] during the glitch. The full timing model is shown in Table 1.
In Zubieta et al. (2024d) we reported a third large recovery term for the 2021 Vela glitch. Together with the two decays terms that we report in this work for the 2024 Vela glitch, we update in Fig. 3 all the recovery terms reported so far for Vela glitches. It is interesting to note that the third recovery time scale that we reported in Zubieta et al. (2024d) for the 2021 glitch, is not only the largest time scale reported so far but also it has the highest degree of recovery. This remarks the importance of re-analysing glitches with the whole post-glitch data span (until the following glitch arrives).
In addition, Fig. 3 shows that, except for two data points, the degree of recovery appears to increase with the recovery timescale. It is important to consider that there is an observational bias (and degeneracy) regarding both the number of decaying components being fitted and the corresponding timescales obtained (Antonopoulou et al. 2022). Therefore, it is important to keep revising glitch solutions to better constrain this effect and gain insight into the behaviour of the neutron star interior. For example, the need to fit multiple exponential components with different timescales, in terms of the vortex creep model, suggests that different regions within the neutron star respond to the glitch according to their own intrinsic properties (Alpar et al. 1993; Gügercinoğlu & Alpar 2020). By improving our understanding of these timescales, we could better interpret how the spatial distribution of the pinning forces affects the overall relaxation process.
	[image: thumbnail]	Fig. 3. Comparison of current and previous glitches decaying parameters for Vela pulsar.



5. Analysis Methods: Pulse-by-pulse analysis of the 2021 Vela glitch
In this section, we report the analysis of the observations around the Vela glitch pulse by pulse. High-resolution single-pulse micro-structure pulse studies of the Vela pulsar were reported in Johnston et al. (2001) and Cairns et al. (2001), while the temporal evolution of the pulses for large timescales was studied in Palfreyman et al. (2016). Here we take advantage of the large amount of our daily data, which is well suited for statistical and machine learning studies. Our approach has been carried out using a combination of the VAE reconstruction and the SOM clustering techniques (Kingma & Welling 2014; Kohonen 1988).
We analysed nine observations in 2024, five before the glitch, on April 17, 18, 19, 20, and 28, and four after the glitch, on May 1, 2, 3, and 4. All observations were carried out with A2 in dual polarisation in the 1400–1456 MHz band. The number of pulses in each observation is given in Table 2. Those are uninterrupted single observations with A2 antenna observations typically lasting 3.66 hours. All observations were folded with a fixed DM = 67.93(1) pc cm−3 from the ATNF catalogue5 (as we have seen very small variations during each observation, DM < 0.2 pc cm−3) and cleaned from radio frequency interferences using RFIClean (Maan et al. 2021) with protection of the fundamental frequency of Vela (11.184 Hz). The complete procedure is described in Appendix C of Lousto et al. (2021), where we found that using rfifind (a task within PRESTO; Ransom 2018) on the data output from RFIClean further improves the SNR in most of the cases we studied. The amplitudes of the pulses are in arbitrary units as we did not observe any flux calibrator. Their relative distribution, day per day analysed here (Table 2), is displayed in Fig. 4. We note the qualitative similarities of the A2 pulse distributions pre-glitch on top, while the post-glitch observations are a bit more heterogeneous. For a more quantitative comparison, one can look at the parameters of the clusters in the tables in Appendix A.
Table 2. 
Days of observation around the 2024 April 29 Vela glitch.

	[image: thumbnail]	Fig. 4. Peak amplitude of single pulses distribution for observations with A2 preglitch on April 17–20,28, and post glitch on May1–5, 2024. The top yellow curve is the cumulative sum.



5.1. Self-Organizing Map (SOM) techniques
In Lousto et al. (2021), Zubieta et al. (2023) we described a deep learning generative and clustering method built on Variational AutoEncoders (VAE) and Self-Organizing Maps (SOM) to perform Vela per-pulse clustering in an unsupervised manner.
For our method, we employ a two-stage process where the raw noisy pulses are first de-noised (VAE) and then are grouped into clusters second (SOM). The raw noisy pulses X are denoised into smooth approximations X̂ through neural networks that compress the input into a lower-dimensional stochastic space and then try to reconstruct the signal. We then define a 2D grid of M nodes, V1 : M, each initialised as a random vector in data space. The grid is iteratively updated through a competitive process where the input signals are presented to all nodes and the closest node, determined by Euclidean distance, is chosen as the ‘best matching unit’. This node and its grid neighbours are then slightly pulled closer to that input data point. This process is repeated until the grid is stable. The result is a set of cluster centres and assignments that partition similar signals into groups based on the dataset’s latent structure. The schematic diagrams of VAE and the usage of SOM for clustering are presented in Fig. 11 of Lousto et al. (2021).
5.2. Results
In Figure 5 we display the detail of the pulse clustering for the available days of observation just before (April 28) and just after (May 1) the glitch on April 29. We also have collected the results of the SOM clustering for the total nine days of observation in the Appendix A in Figs. A.1 and A.2. The results are displayed by days in successive rows and the three columns correspond to the choice of collecting the whole set of pulses in 4, 6, and 9 clusters respectively. The glitch, which occurred on 2024 April 29, happened after the observations displayed in Fig. A.1 and before those observations displayed in Fig. A.2. We have chosen the same vertical scale to represent the mean pulse of each cluster over the choices of the number of clusters and over the days of observation in order to exhibit the relative amplitudes, also affected by the different amounts of observing time. Figures A.1 and A.2, display pulses amplitudes (in the arbitrary units coming from the PRESTO (FFT) normalisation). We have not used standard sources to seek a normalisation of the observations, although we report the signal-to-noise ratio (SNR) of each observation as provided by PRESTO in Table 2.
	[image: thumbnail]	Fig. 5. Mean cluster reconstruction for observations with A2 just before and after the glitch on 2024, April 28, and May 1, using 4, 6, and 9 SOM clustering.



The labelling of the clusters in each panel is ordered from the largest to the lowest amplitude mean pulse, while cluster 0 is the total mean pulse of the whole observation and remains the same over the three horizontal panels as a reference value. We first note an increase in the amplitude of the mean pulse of the cluster 1 as we increase the number of clusters allowed to SOM. They also decrease the number of pulses per cluster (as expected), which explains the amplitude increase. This behaviour is shared by clusters 2 and 3, and successively. We also note an earlier arrival and a mild decrease in the width of the high amplitude clusters (feature that could be used for improved timing in other circumstances or for other millisecond pulsars as we noted in Lousto et al. 2021). These points are more precisely quantified, with estimated errors, in the tables presented in Appendix A.
On the other hand, as seen in the tables in Appendix A, we have not found any notable qualitative systematic changes in the clustering during the days just before and after the glitch. We hence conclude that the effects of the glitch on the pulses might be either subtler and, or, of shorter time scale around the glitch time and we will continue to monitor Vela to capture the next event live as in the case of the 2016 glitch (Ashton et al. 2019).
6. Conclusions and discussion
Here we presented a detailed analysis of the latest (#23 recorded) large Vela glitch, first reported in Zubieta et al. (2024c), finding for this 2024 glitch a (Δνg/ν)2024 = 2.4 × 10−6, comparable with the values for the previous 2019 and 2021 glitches. We are able to provide an accurate description of the glitch characteristic epoch, jumps, and exponential recoveries with timescales of 17.3 and 2.78 d, respectively (see Table 1 and Fig. 3). In 2019 we reported a large Vela (#21 recorded) glitch (Lopez Armengol et al. 2019; Gancio et al. 2020) with a (Δνg/ν)2019 = 2.7 × 10−6. More recently, in Sosa-Fiscella et al. (2021), Zubieta et al. (2023) we presented a detailed analysis of the (#22 recorded) 2021 Vela glitch, with (Δνg/ν)2021 = 1.2 × 10−6 and exponential recoveries with associated timescales of 6.4 and 1 d, respectively.
The high cadence of our observations allowed us to verify and independently estimate the time of the glitch as, tg(MJD) = 60429.86961(4), confirming the value initially reported in Palfreyman (2024). Furthermore, the accuracy of our observations also allowed us to perform pulse-by-pulse studies of Vela using the machine learning techniques previously validated in Lousto et al. (2021), Zubieta et al. (2023).
For the sake of direct comparison among Vela’s last two large glitches we have paralleled the pulse-by-pulse analysis of this 2024 Vela glitch with that of the 2021 in Lousto et al. (2021), Zubieta et al. (2023). We note in Figs. A.1–A.2 that the higher amplitude pulse clusters tend to appear earlier and are narrower than the bulk of the other pulses (see also tables in Appendix A). This is particularly rigorous cluster by cluster in the four cluster analysis and typically large amplitude clusters are narrower by a factor ∼2 and the errors are nearly an order of magnitude smaller than for the whole set of pulses. We note that these four-cluster distributions follow a similar pattern in the sense to our previous studies with observations about six months before the 2021 glitch, on 2021 January 21, 24, 28 and March 29 (Lousto et al. 2021) and around the 2021 glitch on July 22 2021 and on July, 19, 20, 21, 23, and 24 (Zubieta et al. 2023); and it was associated with strata of the magnetosphere at different highs separated by ∼100 km (Lousto et al. 2021). Figure 6 displays the results of applying this model to each of the four days of observation for each antenna. The right-hand-side ordinate gives the components distances to the average pulse reference height in the pulsar magnetosphere. We note the consistency between the components for each of the four days and for each individual antenna’s observations. The four components appear to be almost equidistant (this maybe an effect of the SOM clustering method) and roughly of the order of ∼100 kilometres. We also note that new independent recent studies confirm this early arrival of high amplitude pulses Mahida et al. (2023).
	[image: thumbnail]	Fig. 6. Peak location and conversion to magnetosphere altitude, with the corresponding error bars, per day for each of the 4 clusters and for the whole observation.



We finally note the much smaller error bars displayed in Fig. 6 in the pulse peak determination for the larger amplitude pulsar cluster (labelled as #1) than for the whole observation (labelled as #0), thus opening the possibility to use this cluster for timing of pulsars in order to achieve much higher precision of its timing measurements.


1 https://puma.iar.unlp.edu.ar


2 https://www.ettus.com/all-products/usrp-b200mini-i-2/


3 https://www.atnf.csiro.au/research/pulsar/psrcat/glitchTbl.html


4 http://www.atnf.csiro.au/people/pulsar/psrcat/glitchTbl.html


5 http://www.atnf.csiro.au/people/pulsar/psrcat/
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Appendix A:  Tables of SOM Clustering
In Tables A.1.–A.9. we describe in detail the six-cluster analysis of the observations on the days april-17-2024-A2, april-18-2024-A2, april-19-2024-A2, april-20-2024-A2, april-28-2024-A2, before the glitch and may-01-2024-A2, may-02-2024-A2, may-03-2024-A2, and may-04-2024-A2, after the glitch.
Table A.1. 
SOM Clustering for April 17 with Antenna A2.

Table A.2. 
SOM Clustering for April 18 with Antenna A2.

Table A.3. 
SOM Clustering for April 19 with Antenna A2.

Table A.4. 
SOM Clustering for April 20 with Antenna A2.

Table A.5. 
SOM Clustering for April 28 with Antenna A2.

Table A.6. 
SOM Clustering for May 01 with Antenna A2.

Table A.7. 
SOM Clustering for May 02 with Antenna A2.

Table A.8. 
SOM Clustering for May 03 with Antenna A2.

Table A.9. 
SOM Clustering for May 04 with Antenna A2.

Here we include the numerical information in tabular form about the clustering analysis summarised in Fig. A.1-A.2 below. They include a 6 SOM clusters decomposition as representative for each of the days of observation. We provide the number of pulses of each cluster # pulses; peak location from the index of the maximum value in the pulse sequence; peak height from the maximum value of the pulse sequence; peak width done by first finding the maximum value of the sequence, then performing full-width half maximum of peak; (library used for this: https://docs.scipy.org/doc/scipy/reference/generated/scipy.signal.peak_widths.html); for the peak skew we evaluated the Fisher-Pearson coefficient of skewness; (using the scipy for this computation https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.skew.html); The cluster #0 corresponds to the total number of pulses in the observation and the successive clusters from #1 to the #6 SOM clustering are ordered accordingly to the highest peak amplitude of the mean pulse computed for each cluster and represented in Figs. A.1-A.2. We compute the peak location with respect to our grid of bins (here centred at around 100 for cluster #0) and totalling 611 bins per period, giving us a time resolution of 146 μs. We also provide a measure of the pulse width as given by the standard deviation (σ) and its skewness, all with estimated 1σ errors, and finally MSE is the standard mean squared error [image: equation], the average per-step mean squared reconstruction error over all sequences. We observe a systematic tendency for the pulses’ peaks to appear earlier the higher the amplitude as well as a reduction of its width and an increase of the skew (also observed in the previous work of Lousto et al. (2021), Zubieta et al. (2023) analysing 2021 observations.
	[image: thumbnail]	Fig. A.1. Mean cluster reconstruction for observations with A2 before the glitch on 2024, April 17, 18, 19, 20, and 28, using 4, 6, and 9 SOM clustering. [200 (out of total 611) phase bins were taken around the mean peak (at bin 100) of each day to perform the single-pulse analysis].



Here we include all the days of observation used in the 4, 6, and 9 SOM clustering analysis summarised in Fig. A.1-A.2.
	[image: thumbnail]	Fig. A.2. Mean cluster reconstruction for observations with A2 after the glitch on 2024, May 1, 2, 3, and 4, using 4, 6, and 9 SOM clustering. [200 (out of total 611) phase bins were taken around the mean peak (at bin 100) of each day to perform the single-pulse analysis].




Appendix B:  VAE reconstruction and SOM Clustering for April 28 observation with A2
In order to show that what we observe with the clusters baseline is not an artefact of the VAE pulse reconstruction method, in Fig. B.1 we display some selected individual raw pulses belonging to the 4 SOM clusters versus their corresponding reconstructions showing the actual baseline fluctuations over the full period range. We also display the VAE representation of the four SOM clusters in Fig. B.2.
	[image: thumbnail]	Fig. B.1. Individual pulse reconstructions from the April 28, 2024 observations with A2. One signal index is sampled from each of the four SOM clusters, with the VAE reconstruction shown alongside the corresponding raw observation. Individual pulse indices are # 47419, 36415, 35083, 53075, respectively.



	[image: thumbnail]	Fig. B.2. Mean reconstructions of individual signals for each of the four SOM clusters from the April 28, 2024 observations with A2. All signals are reconstructed individually using the VAE, then averaged and compared to the mean of the corresponding raw observations.
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All Figures
	[image: thumbnail]	Fig. 1. Vela’s timing model with the parameters from Table 1. Panel a: Residuals without including the glitch in the timing model. Panel b: Residuals after fitting for Δν and [image: equation]. Panel c: Residuals after adding and fitting the first recovery term τd1 = 17.3(3) d. Panel d: Residuals of our best timing solution, including the second recovery term τd2 = 2.78(3) d.
In the text



	[image: thumbnail]	Fig. 2. Best fit of the decay time constants τd1 and τd2 for the 2024 Vela glitch. The solid line, dashed line, and dot-dashed line indicate the 1σ, 2σ, and 3σ confidence regions respectively.
In the text



	[image: thumbnail]	Fig. 3. Comparison of current and previous glitches decaying parameters for Vela pulsar.
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	[image: thumbnail]	Fig. 4. Peak amplitude of single pulses distribution for observations with A2 preglitch on April 17–20,28, and post glitch on May1–5, 2024. The top yellow curve is the cumulative sum.
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	[image: thumbnail]	Fig. 5. Mean cluster reconstruction for observations with A2 just before and after the glitch on 2024, April 28, and May 1, using 4, 6, and 9 SOM clustering.
In the text



	[image: thumbnail]	Fig. 6. Peak location and conversion to magnetosphere altitude, with the corresponding error bars, per day for each of the 4 clusters and for the whole observation.
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	[image: thumbnail]	Fig. A.1. Mean cluster reconstruction for observations with A2 before the glitch on 2024, April 17, 18, 19, 20, and 28, using 4, 6, and 9 SOM clustering. [200 (out of total 611) phase bins were taken around the mean peak (at bin 100) of each day to perform the single-pulse analysis].
In the text



	[image: thumbnail]	Fig. A.2. Mean cluster reconstruction for observations with A2 after the glitch on 2024, May 1, 2, 3, and 4, using 4, 6, and 9 SOM clustering. [200 (out of total 611) phase bins were taken around the mean peak (at bin 100) of each day to perform the single-pulse analysis].
In the text



	[image: thumbnail]	Fig. B.1. Individual pulse reconstructions from the April 28, 2024 observations with A2. One signal index is sampled from each of the four SOM clusters, with the VAE reconstruction shown alongside the corresponding raw observation. Individual pulse indices are # 47419, 36415, 35083, 53075, respectively.
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	[image: thumbnail]	Fig. B.2. Mean reconstructions of individual signals for each of the four SOM clusters from the April 28, 2024 observations with A2. All signals are reconstructed individually using the VAE, then averaged and compared to the mean of the corresponding raw observations.
In the text
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      Table A.2. 

      SOM Clustering for April 18 with Antenna A2.

      
        


	Cluster #
	# Pulses
	Peak Loc
	Peak Height
	Peak Width
	Peak Skew
	MSE





	0
	147394
	100.45 ± 2.48
	9.29 ± 6.52
	5.43 ± 1.93
	4.50 ± 0.89
	0.00005 ± 0.00007



	1
	261
	95.84 ± 0.64
	94.11 ± 28.18
	3.25 ± 0.24
	7.05 ± 0.49
	0.03725 ± 0.18165



	2
	3275
	96.87 ± 0.79
	30.46 ± 10.81
	3.44 ± 0.53
	5.84 ± 0.71
	0.00213 ± 0.00321



	3
	25040
	98.86 ± 1.28
	14.64 ± 3.68
	4.51 ± 1.21
	4.98 ± 0.70
	0.00027 ± 0.00040



	4
	1628
	100.65 ± 2.29
	9.62 ± 3.26
	4.96 ± 1.56
	3.51 ± 0.91
	0.00356 ± 0.00529



	5
	63484
	100.29 ± 2.11
	8.89 ± 2.15
	5.35 ± 1.98
	4.46 ± 0.71
	0.00010 ± 0.00016



	6
	53706
	101.63 ± 2.67
	5.56 ± 1.93
	3.72 ± 0.90
	4.25 ± 0.96
	0.00012 ± 0.00018





      

    

  
    
      Table A.3. 

      SOM Clustering for April 19 with Antenna A2.

      
        


	Cluster #
	# Pulses
	Peak Loc
	Peak Height
	Peak Width
	Peak Skew
	MSE





	0
	147363
	100.64 ± 2.32
	8.56 ± 6.14
	5.88 ± 2.17
	4.46 ± 0.93
	0.00004 ± 0.00006



	1
	411
	96.14 ± 0.56
	69.71 ± 31.92
	3.19 ± 0.34
	6.99 ± 0.54
	0.02110 ± 0.09954



	2
	1790
	97.64 ± 0.73
	32.69 ± 10.67
	3.57 ± 0.52
	5.97 ± 0.65
	0.00363 ± 0.00544



	3
	18649
	98.77 ± 1.36
	15.21 ± 3.76
	5.62 ± 1.82
	4.98 ± 0.71
	0.00034 ± 0.00051



	4
	54926
	99.99 ± 1.80
	8.96 ± 2.35
	5.35 ± 1.87
	4.51 ± 0.76
	0.00011 ± 0.00016



	5
	69839
	101.74 ± 2.31
	5.56 ± 2.06
	5.19 ± 1.68
	4.24 ± 0.99
	0.00008 ± 0.00012



	6
	1748
	101.03 ± 2.22
	5.45 ± 3.01
	4.59 ± 1.36
	4.09 ± 1.06
	0.00375 ± 0.00582





      

    

  
    
      Table A.4. 

      SOM Clustering for April 20 with Antenna A2.

      
        


	Cluster #
	# Pulses
	Peak Loc
	Peak Height
	Peak Width
	Peak Skew
	MSE





	0
	147400
	100.32 ± 2.71
	9.17 ± 6.29
	5.91 ± 2.17
	4.59 ± 0.89
	0.00004 ± 0.00007



	1
	169
	95.41 ± 0.64
	92.95 ± 32.24
	3.42 ± 0.11
	6.83 ± 0.18
	0.05770 ± 0.22798



	2
	1465
	96.68 ± 0.70
	39.78 ± 12.67
	3.79 ± 0.46
	6.09 ± 0.58
	0.00494 ± 0.00783



	3
	103
	97.09 ± 3.27
	24.55 ± 9.75
	4.63 ± 2.26
	4.85 ± 1.38
	0.11536 ± 0.22739



	4
	16570
	97.85 ± 1.18
	16.69 ± 4.55
	4.87 ± 1.30
	5.02 ± 0.72
	0.00041 ± 0.00061



	5
	64490
	99.80 ± 1.74
	9.85 ± 2.77
	5.27 ± 1.70
	4.58 ± 0.79
	0.00010 ± 0.00015



	6
	64603
	101.56 ± 3.10
	5.63 ± 1.82
	5.00 ± 1.53
	4.46 ± 0.97
	0.00010 ± 0.00015





      

    

  
    
      Table A.5. 

      SOM Clustering for April 28 with Antenna A2.

      
        


	Cluster #
	# Pulses
	Peak Loc
	Peak Height
	Peak Width
	Peak Skew
	MSE





	0
	144793
	100.77 ± 2.92
	8.19 ± 5.51
	5.68 ± 2.19
	4.58 ± 1.01
	0.00005 ± 0.00007



	1
	202
	95.81 ± 0.61
	85.93 ± 22.61
	3.27 ± 0.44
	6.96 ± 0.53
	0.05445 ± 0.21490



	2
	1416
	96.65 ± 0.75
	34.37 ± 10.69
	3.43 ± 0.61
	6.23 ± 0.80
	0.00511 ± 0.00773



	3
	32808
	98.33 ± 1.49
	11.60 ± 4.14
	6.28 ± 2.34
	4.75 ± 0.84
	0.00021 ± 0.00031



	4
	245
	101.67 ± 3.94
	10.22 ± 3.91
	6.75 ± 3.00
	2.56 ± 0.85
	0.03333 ± 0.05936



	5
	47830
	101.31 ± 1.91
	8.60 ± 2.35
	5.32 ± 1.88
	4.49 ± 0.84
	0.00014 ± 0.00021



	6
	62292
	101.75 ± 3.32
	5.22 ± 1.64
	3.69 ± 0.76
	4.53 ± 1.16
	0.00011 ± 0.00016





      

    

  
    
      Table A.8. 

      SOM Clustering for May 03 with Antenna A2.

      
        


	Cluster #
	# Pulses
	Peak Loc
	Peak Height
	Peak Width
	Peak Skew
	MSE





	0
	147393
	100.82 ± 2.65
	10.39 ± 6.97
	5.99 ± 2.30
	4.63 ± 0.85
	0.00004 ± 0.00006



	1
	134
	95.84 ± 0.57
	113.98 ± 24.09
	3.24 ± 0.25
	7.11 ± 0.54
	0.07795 ± 0.32802



	2
	792
	96.47 ± 0.66
	55.08 ± 14.63
	3.22 ± 0.42
	6.63 ± 0.71
	0.00871 ± 0.01335



	3
	8875
	97.48 ± 1.10
	22.15 ± 7.02
	5.03 ± 1.63
	5.21 ± 0.80
	0.00073 ± 0.00108



	4
	29016
	99.38 ± 1.19
	14.40 ± 3.50
	5.39 ± 1.78
	4.94 ± 0.76
	0.00022 ± 0.00033



	5
	60630
	101.02 ± 2.17
	9.35 ± 2.11
	6.11 ± 2.23
	4.47 ± 0.70
	0.00010 ± 0.00016



	6
	47946
	102.14 ± 3.02
	6.07 ± 1.88
	4.76 ± 1.84
	4.50 ± 0.93
	0.00013 ± 0.00020





      

    

  
    
      Table A.9. 

      SOM Clustering for May 04 with Antenna A2.

      
        


	Cluster #
	# Pulses
	Peak Loc
	Peak Height
	Peak Width
	Peak Skew
	MSE





	0
	142092
	100.85 ± 2.68
	11.08 ± 7.44
	5.90 ± 2.27
	4.66 ± 0.76
	0.00005 ± 0.00007



	1
	238
	96.02 ± 0.65
	105.71 ± 29.24
	3.18 ± 0.32
	7.08 ± 0.54
	0.04030 ± 0.09199



	2
	1941
	97.03 ± 0.74
	41.17 ± 12.85
	3.76 ± 0.79
	6.04 ± 0.74
	0.00370 ± 0.00557



	3
	8548
	98.74 ± 1.01
	22.46 ± 4.90
	3.55 ± 0.50
	5.27 ± 0.69
	0.00082 ± 0.00122



	4
	23413
	98.41 ± 1.70
	13.62 ± 3.54
	5.60 ± 2.06
	4.63 ± 0.68
	0.00030 ± 0.00044



	5
	52190
	100.95 ± 1.59
	11.09 ± 2.95
	5.55 ± 1.85
	4.64 ± 0.67
	0.00013 ± 0.00020



	6
	55762
	102.26 ± 2.96
	6.81 ± 2.04
	5.18 ± 2.18
	4.54 ± 0.77
	0.00012 ± 0.00018





      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Mean cluster reconstruction for observations with A2 before the glitch on 2024, April 17, 18, 19, 20, and 28, using 4, 6, and 9 SOM clustering. [200 (out of total 611) phase bins were taken around the mean peak (at bin 100) of each day to perform the single-pulse analysis].

      

    

  
    
      Fig. B.2. 

      
        [image: thumbnail]
      

      
        Mean reconstructions of individual signals for each of the four SOM clusters from the April 28, 2024 observations with A2. All signals are reconstructed individually using the VAE, then averaged and compared to the mean of the corresponding raw observations.

      

    

  OEBPS/aa54098-25-eq8.gif





OEBPS/aa54098-25-eq9.gif





OEBPS/aa54098-25-eq5.gif





OEBPS/aa54098-25-eq22.gif





OEBPS/aa54098-25-eq24.gif





OEBPS/aa54098-25-eq20.gif









OEBPS/aa54098-25-fig5_small.jpg





OEBPS/aa54098-25-eq1.gif





OEBPS/aa54098-25-fig2_small.jpg





OEBPS/aa54098-25-eq2.gif





OEBPS/aa54098-25-eq3.gif
L 4 £l
S8 = B U ] S Zhis it
3 I





OEBPS/aa54098-25-fig8_small.jpg





OEBPS/aa54098-25-fig1.jpg
Residuals(us)

Residuals(us)

;g::)ns=2.7s % : .
- L
i i
L e
_SO_I'ms =22.1us | ”*
o— W 1 g H " *n w

MJD - 60000






OEBPS/aa54098-25-fig2.jpg





OEBPS/aa54098-25-fig3.jpg
T(d)

103

102

10!

100

Glitches with one decay
Glitches with two decays
Glitches with three decays
Glitch with four decays
This work

T T l_l—l'l'| T LI I—l'l'| T LILL l_l—l_l'l
10-3 1072 101
Q(degree of recovery)





OEBPS/aa54098-25-fig4.jpg
Bin Count/ Total # Pulses Bin Count / Total # Pulses

Bin Count/ Total # Pulses

April 17

April 18

000001

April 19

April 20

April 28

May 1

Pulse Peak Amplitude

L

Pulse Peak Amplitude

ay 3

Pulse Peak Amplitude

ol






OEBPS/aa54098-25-fig5.jpg
ez

2 s &

Normalized Power [a.u.]

Cluster 0 - 144793
Cluster 1- 297
Cluster 2 - 6945
Cluster 3 - 60780
Cluster 4 - 76771

Cluster 0 - 144793
Cluster 1- 202
Cluster 21416
Cluster 3 - 32808
Cluster 4 - 245
Cluster 5 - 47830
Cluster 6 - 62292

[T

Cluster 0 - 144793
Cluster 1-157
Cluster 2109
Cluster 3975
Cluster 4 - 7159
Cluster 5 - 33169
Cluster 6211
Cluster 7 - 33243
Cluster 8 - 30420
Cluster 9 - 39350

" D]

Normalized Power [a.u.]

Cluster 0 - 144791
Cluster 1946
Cluster 2 - 12081
Cluster 3 - 56112
Cluster 4 - 75652

Cluster 0 - 144791
Cluster 1- 762
Cluster 2 - 3422
Cluster 3 - 10838
Cluster 4 - 42662
Cluster 5 - 18506
Cluster 6 - 68601

Cluster 0 - 144791
Cluster 1- 449
Cluster 2-2073
Cluster 39625
Cluster 4 - 3308
Cluster 5 - 27722
Cluster 6 - 27198
Cluster 717852
Cluster 8 - 22836
Cluster 9 - 32828

010

0ls

020 025 10

Pulse Phase

0ls
Pulse Phase

020

025 .10

0ls
Pulse Phase

020

025





OEBPS/aa54098-25-fig7.jpg
Normalized Power [a.u.] Normalized Power [a.u.] Normalized Power [a.u.] Normalized Power [a.u.]

Normalized Power [a.u.]

°

°

°

°

06

04

02

10

08

06

04

02

10

°

°

°

°

10

°

°

°

°

Cluster 0- 147394
Cluster 1-283
Cluster 2 - 5357
Cluster 3 - 58347
Cluster 4 - 83407

Cluster 0147394
Cluster 1-197
Cluster 2 - 591
Cluster 3-3299
Cluster 4 - 5354
Cluster 5 - 54626
Cluster 6 - 83327

LT

Cluster 0147394
Cluster 1-178
Cluster 2- 479
Cluster 33066
Cluster 4 - 4062
Cluster 5 - 35913
Cluster 6-431
Cluster 7 - 43863
Cluster 8 - 22352
Cluster 9 - 37050

[T

Cluster 0 - 147394
Cluster 1497
Cluster 2 - 12554
Cluster 3 - 46232
Cluster 4 - 88111

Cluster 0147304
Cluster 1-245
Cluster 2 - 2661
Cluster 3 - 25566
Cluster a-1338
Cluster 5 - 63917
Cluster 6 - 53667

Cluster 0
Cluster 1-
Cluster 2

Cluster 3 -
Cluster -
Cluster 5

Cluster 6 -
Cluster 7 -
Cluster 8-
Cluster 9 -

147304
200
129
2003
10862
14501
145
40835
3173
38605

Cluster 0 - 147371
Cluster 1829
Cluster 213776
Cluster 3 - 58139
Cluster 4 - 74627

April 19

Cluster 0-147371
Cluster 1-829
Cluster 2 -12583
Cluster 3 - 48455
Cluster 4 - 47851
Cluster 5 - 36098
Cluster 6- 1555

Cluster 0
Cluster 1-
Cluster 2
Cluster 3 -
Clusterd -
Cluster 5

Cluster 6 -
Cluster 7 -
Cluster 8

Cluster 9 -

147371
m
1264
562
9478
25078
48035,
27306
1540
33897

Cluster 0 - 147400
Cluster 1-327
Cluster 23538
Cluster 3- 67998
Cluster 4 - 75537

_l

April 20

Cluster 0 - 147400
Cluster 1-169
Cluster 2 - 1465
Cluster 3-103
Cluster 4 - 16570
Cluster 5 - 64490
Cluster 6 - 64603

Cluster 0
Cluster 1-
Cluster 2
Cluster 3 -
Clustera -
Cluster 5

Cluster 6 -
Cluster 7 -
Cluster 8

Cluster 9 -

147300
585
1600
11552
6274
19815
30859
1983¢
25838
30943

s

Cluster 0 - 144793
Cluster 1-297
Cluster 2 - 6945
Cluster 3 - 60780
Cluster 4 - 76771

Cluster 0144793
Cluster 1-202
Cluster 2 - 1416
Cluster 3 - 32808
Cluster a - 245
Cluster 5 - 47830
Cluster 6 - 62292

Cluster 0
Cluster 1
Cluster 2
Cluster 3
Cluster 4
Cluster 5 -
Cluster 6
Cluster 7 -
Cluster 8 -
Cluster 9

144793
157
109
975
7159
33169
m
33243
30420
39350

[N

0 005 o0lo o015 02

Pulse Phase

025 030

0 005 o0lo 015 020

Pulse Phase

025 030

0 005 o0lo 015 020

Pulse Phase

025 030






OEBPS/aa54098-25-fig8.jpg
Normalized Power [a.u.]

Normalized Power [a.u.] Normalized Power [a.u.]

Normalized Power [a.u.]

" [ayor]

Cluster 0 - 144791

Cluster 0 - 144791

Cluster 0 - 144791

— Cluster 1-979 — Cluster 1-789 — Cluster 1- 408

o —— Cluster 2- 11410 —— Cluster 2- 6185 —— Cluster 21795

— Cluster 3- 49414 — Cluster 3- 11614 — Cluster 3-7349

— Cluster 4 - 82988 — Cluster 4 - 40477 — Cluster a-2320

— Cluster 5 - 34084 — Cluster 5 - 26323

06  Cluster 6 - 51642  Cluster 6- 18002

— Cluster 719556

—— Cluster 8- 26882

04 —— Cluster 9 - 42156
02
o
10

08
06

04

Cluster 0 - 147383
Cluster 1-809
Cluster 2 6538
Cluster 3 - 40687
Cluster 4 - 99349

Cluster 0 - 147383
Cluster 1-297
Cluster 21143
Cluster 39208
Cluster 4 - 24540
Cluster 5 - 56914
Cluster 6 - 55281

Cluster 0 - 147383

Cluster 1

224

Cluster 2674
Cluster 3 - 2630
Cluster 4 - 4874

Cluster 5

14407

Cluster 6 - 25612
Cluster 7- 36134

Cluster 8

12174

Cluster 9 - 50654

02
3
10
May 03 —— Cluster0- 147392 —- Cluster0- 147392 -~ Cluster0- 147352
08 — Cluster2. 2621 Cluster2..767 — Cluster2-750
— Cluster 356074 Cluster3-9023 — Cluster3- 6449
— Clustera- 89551 Cluster 8- 36922 — Custera- 12137
os Cluster 557337 — Clsters - 19654
- Cluster 643210 - Cluster5.25559
— Cluster 720831
—— Cluster 8. 23908
04 — Cluster9. 28975
02
o
10
May 04 Cluster0- 142093 -~ Clster 0- 142093 - Cluster 0- 142093
— Cluster1- 406 — Cluster1-203 — Cluster1-127
08 — Cluster2-11427 —— Cluster2-274 — Cluster2-203
— Cluster 363235 — Cluster 3. 5097 — Cluster3- 368
— Cluster 67025 — Clustera 22513 — Clustera 2682
— Cluster 555798 — Cluster-9310
os ~ Cluster 6 - 58212 ~ Cluster 6 - 26164
— Cluster 7. 15349
—— Cluster 833350
04 — Cluster9- 54470
02
3
G obs o0i0 ois_ 030 025 030 005 o010 o0is 02 035 030 G o005 ol o0is o020 035 03

Pulse Phase

Pulse Phase

Pulse Phase






OEBPS/aa54098-25-fig9.jpg
Normalized Power [a.u.]

Normalized Power [a.u.]

o
IS

o
~

o
o

o

o
~

o
o

o

Cluster #1 Single Reconstruction

Cluster #2 Single Reconstruction

— Raw — Raw
—— Reconstruction . —— Reconstruction
g
g
0.1
H
o
-9
T
o
N
® o
£
£
o
2
0 005 010 015 020 025 030 0 005 010 015 020 025 030
Cluster #3 Single Reconstruction . Cluster #4 Single Reconstruction
—— Raw —— Raw
—— Reconstruction 3 —— Reconstruction
o
&
g
0.1
3
°
[-9
°
[
N
)
£
£
o
H

0.05 0.10 0.15 0.20

Pulse Phase

0.25 0.30

0.10 0.15 0.20

Pulse Phase

0.25






OEBPS/aa54098-25-fig1_small.jpg





OEBPS/aa54098-25-fig4_small.jpg





OEBPS/aa54098-25-fig7_small.jpg





OEBPS/aa54098-25-eq19.gif





OEBPS/aa54098-25-eq16.gif





OEBPS/aa54098-25-eq15.gif





OEBPS/aa54098-25-eq18.gif





OEBPS/aa54098-25-eq17.gif





OEBPS/aa54098-25-eq11.gif





OEBPS/aa54098-25-eq13.gif





OEBPS/aa54098-25-eq10.gif





