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Abstract

The radio-quiet pulsar PSR J2021+4026 is mostly known because it is the only rotation-powered pulsar that shows variability in its γ-ray emission. Using XMM-Newton archival data, we first confirmed that its flux is steady in the X-ray band, and then we showed that both the spectral and timing X-ray properties, that is to say the narrow pulse profile, the high pulsed fraction of 80–90%, and its dependence on the energy, can be better reproduced using a magnetized atmosphere model instead of simply a blackbody model. With a maximum likelihood analysis in the energy-phase space, we inferred that the pulsar has, in correspondence of one magnetic pole, a hot spot with a temperature of T ∼ 1 MK and colatitude extension of θ ∼ 20°. For the pulsar distance of 1.5 kpc, this corresponds to a cap of R ∼ 5 − 6 km, which is greater than the standard dimension of the dipolar polar caps. The large pulsed fraction further argues against emission from the entire star surface, as it would be expected in the case of secular cooling. An unpulsed (≲40% pulsed fraction), nonthermal component, probably originating in a wind nebula, is also detected. The pulsar geometry derived with our spectral fits in the X-ray is relatively well constrained (χ = 90° and ξ = 20°–25°) and consistent with what is deduced from γ-ray observations, provided that only one of the two hemispheres is active. The evidence for an extended hot spot in PSR J2021+4026, which was also found in other pulsars of a similar age but not in older objects, suggests a possible age dependence of the emitting size of thermal X-rays.
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1. Introduction
Many isolated neutron stars with characteristic ages τ = P/2 Ṗ in the 104–107 year range show thermal X-ray emission that cannot result from their internal cooling. This is deduced from the small size of their emission regions and/or from their temperatures, which are inconsistent with those predicted by neutron star cooling theories (see e.g., Potekhin et al. 2020, and references therein). Such thermal emission is instead attributed to the external heating of small regions of the star surface, typically the polar caps. In fact, a fraction of the charges that flow in the magnetosphere are accelerated backward toward the star surface, thus heating it in localized regions and producing observable “hot spots” (Arons & Scharlemann 1979; Harding & Muslimov 2001, 2002; Cheng et al. 1986a,b; Chiang & Romani 1994). The study of this emission is often complicated by the presence of other spectral components: nonthermal X-rays from the magnetosphere or from spatially unresolved nebulae and thermal emission caused by the cooling of the rest of the surface, as in middle aged pulsars (τ ∼ 104 − 105 years), such as the “three Musketeers” (De Luca et al. 2005). When a pulsar is sufficiently old (τ ≳ 106 years) and the surface has cooled down enough, the externally-heated polar cap emission can be the only observable thermal component, as in PSR J0108−1431 (Arumugasamy & Mitra 2019), PSR B0943+10 (Rigoselli et al. 2019), and PSR B1929+10 (Misanovic et al. 2008). The X-ray emission from hot spots can appear significantly pulsed if the pulsar geometry and our line of sight (LOS) are favorable. Information on angles χ and ξ that the rotation axis makes with our LOS and with the magnetic axis, respectively, have traditionally been derived from the properties of radio emission. More recently, constraints on the pulsar geometry have also been obtained by modeling the light curves at γ-ray (Romani & Watters 2010) and, in a few cases, X-ray energies (e.g., Miller et al. 2019; Riley et al. 2019). Independent estimates of the geometrical angles will come from X-ray polarimetry (see e.g., Taverna et al. 2014, 2020) thanks to the forthcoming missions IXPE (Weisskopf et al. 2013) and eXTP (Zhang et al. 2019). These are, in fact, the only possibilities when radio emission is not seen, as in the radio-quiet rotation-powered pulsars (about 5% of those with 104 <  τ <  107 years) and in other classes of objects such as the X-ray-dim isolated neutron stars (XDINSs, Kaplan et al. 2008; Turolla 2009) and the central compact objects (CCOs, De Luca 2017).
Among radio-quiet pulsars, PSR J2021+4026 is of particular interest because it is the only one that exhibited flux variations at γ-rays energies. In October 2011, Fermi-LAT observed a sudden flux drop at E >  100 MeV, occurring over a timescale of less than one week (Allafort et al. 2013). This was accompanied by a significant increase in the spin-down rate (see the timing parameters in Table 1). The frequency derivative discontinuity resembles a glitch; however, the behavior seen in PSR J2021+4026 differs from that of normal glitches (Espinoza et al. 2011; Pletsch et al. 2012) because these are usually not associated with a flux change. Furthermore, glitches are typically followed by a rapid recovery in the timing parameters, while this was not detected for PSR J2021+4026 until 2014 December (Zhao et al. 2017). More recently, in 2018 February, PSR J2021+4026 entered into a low γ-ray state again, with a Ṗ behavior similar to the one that followed the 2011 event (Takata et al. 2020).
Table 1. 
Observed and derived parameters for PSR J2021+4026

PSR J2021+4026 has been associated to the shell-like γ-Cygni supernova remnant (SNR), SNR G78.2+2.1 (Green 2009). Its radio and X-ray shells have a size of ∼1° (Leahy et al. 2013) and a shock velocity of ∼800 km s−1 (Uchiyama et al. 2002). These values, together with the SNR distance of 1.5 ± 0.5 kpc (Landecker et al. 1980), imply an adiabatic age of 6.6 kyr, which is in agreement with the age deduced from the optical observations (Mavromatakis 2003). Thus, the age of SNR G78.2+2.1 is about one order of magnitude smaller than the spin-down age of PSR J2021+4026 (τc ∼ 75 kyr). However, this discrepancy is not uncommon in middle-aged neutron stars (see e.g., the pulsars PSR J0538+2817, Ng et al. 2007, and PSR J0855−4644, Allen et al. 2015; the XDINS RX J1856.5−3754, Mignani et al. 2013; and the “low-B” magnetar SGR 0418+5729, Turolla et al. 2011). The mismatch between the true and characteristic age can be explained if the star magnetic field substantially decayed or if the spin period at birth was close to the present one.
In the X-ray band, PSR J2021+4026 was frequently observed by Chandra and XMM-Newton. Its X-ray spectrum shows a mixture of nonthermal and thermal emission: The nonthermal component, which is apparently nonpulsed, is probably due to the pulsar wind nebula (PWN) that is spatially resolved by Chandra (Hui et al. 2015); the thermal component is instead strongly pulsed (90–100%) with a nearly sinusoidal profile. Wang et al. (2018) analyze two long XMM-Newton observations; one was obtained after the 2011 drop in the γ-ray flux and the other was obtained in the post-relaxation state in 2015. They could not find any significant change in the X-ray flux, spectrum, or pulse profile, but they noticed that the sensitivity of the current data is not sufficient to detect the small flux change (∼4%) expected from the observed Ṗ variation.
The thermal component in the spectrum of PSR J2021+4026, when fitted with a blackbody model, yields an emitting region with a size consistent with the dimensions of the polar cap in the dipole approximation, [image: equation] m (Hui et al. 2015; Wang et al. 2018). Given the viewing angle of χ ∼ 90° inferred by the γ-ray data (Trepl et al. 2010), the two polar caps are visible. If both contributed to the X-ray emission, then the pulse profile would be far less pulsed (≲25%) and, for several values of ξ, it would have two peaks (e.g., Beloborodov 2002). Hui et al. (2015) conclude that the strongly pulsed and single-peaked profile implies that only one of the two polar caps is active in X-rays.
Here we present a reanalysis of the XMM-Newton data aimed to quantitatively reproduce the timing and the spectral features of PSR J2021+4026, which fit its phase-resolved spectrum with magnetized atmosphere models. In our spectral models, which were specifically computed for this pulsar, the emitting region does not have to be point-like and the cap’s semi-opening angle θcap can take any value from 0° to 90°. The temperature and the magnetic field at each latitude are consistently evaluated considering a dipolar magnetic field.
The paper is organized as follows. In Sect. 2 we briefly describe our computation of the magnetized atmosphere models, and we illustrate the approach we used to compute the phase-dependent spectrum emitted by the pulsar. We then describe the data analysis (Sect. 3) and apply our model to the observed phase-averaged and phase-resolved spectra (Sect. 4.1), and to the pulse profiles (Sect. 4.2). The results are discussed in Sect. 5.
2. Modeling the X-ray pulse profiles and spectra
Our computation of the phase-dependent spectrum emitted by a neutron star, as seen by a distant observer, is done in the following four steps by: (i) defining the stellar parameters (mass and radius, temperature and magnetic field, and geometry of the pulsar); (ii) evaluating the local spectrum emitted by each patch of the surface; (iii) collecting the contributions of all surface elements that are in view at different rotation phases, accounting for general relativistic effects, such as redshift and light bending; and (iv) convolving the observed flux at infinity with the instrumental response matrix in order to perform a spectral and timing analysis.
We adopted realistic values of mass M = 1.36 M⊙ and radius R = 13 km, which are consistent with the most recent equation of states (EOSs, see e.g., Lattimer & Prakash 2016 and references therein) and give a gravitational redshift factor of z ∼ 0.2. We computed the model atmosphere at ten different values of the colatitude (equally spaced in μ = cos θ so that they have the same area), assuming a dipole magnetic field and the ensuing temperature distribution (Greenstein & Hartke 1983). We considered models with two values for the magnetic field and temperature at the poles: [Tp = 1 MK, Bp = 4 × 1012 G] and [Tp = 0.5 MK, Bp = 3 × 1012 G]. The geometrical angles, χ and ξ, that the LOS and the dipole axis make with the rotation axis, respectively, were sampled by means of a 19 × 19 equally-spaced grid ranging from 0° to 90° each.
The atmospheric structure and radiative transfer were computed using the code developed by Lloyd (2003, see also Lloyd et al. 2003; Zane & Turolla 2006; González Caniulef et al. 2016), which applies the complete linearization technique to the case of a semi-infinite, plane-parallel atmosphere in radiative equilibrium. Radiation transfer calculations were performed accounting for strong magnetic fields, solving the radiative transfer equation for photons polarized both in the ordinary (O) and in the extraordinary (X) modes, with an electric field oscillating either parallel or perpendicular to the plane made by the photon propagation direction and the local magnetic field, respectively (Ginzburg 1970; Mészáros 1992). Opacities were evaluated while accounting for magnetic effects. Although the code can be generalized to mixed hydrogen-helium compositions and extended to the case of partial ionization, for the sake of simplicity here, we solely focus on a pure-hydrogen, fully ionized atmospheric slab. Each run requires the intensity B of the local magnetic field and the angle θB it forms with the local slab normal, the effective temperature T, and the surface gravity g as input. For this reason, we divided the atmospheric layer into a number of plane-parallel patches, infinitely extended in the transverse direction and emitting a total flux σT4. The code returns, in output, the intensities IO and IX of the emerging O- and X-mode photons as functions of the energy E and the two polar angles θk and ϕk, which identify the photon direction k with respect to the local normal. These angles can be written as functions of the two viewing angles χ and ξ and of the so-called impact angle η, which provides the inclination of the magnetic axis with respect to the LOS at each rotational phase γ = Ωt:
[image: thumbnail](1)
(see e.g., Taverna et al. 2015; González Caniulef et al. 2016).
The radiation transfer equation was solved for 20 photon energies uniformly distributed on a logarithmic scale from 0.1 to 10 keV, for ten values of α = cos θB, 15 values of μk = cos θk, and five values of ϕk, which are all linearly spaced. The southern hemisphere was built by exploiting the symmetry properties of the opacities: μk = −μk, ϕk = π − ϕk.
Once the emerging flux at each patch was known, the spectrum at infinity was computed by collecting all the contributions that are in view at a certain rotational phase γ, accounting for general relativistic effects. Since we are interested in radiation emerging from polar caps which are not necessarily point-like, we considered semi-opening angles θcap of 5° (which can still be treated as point-like), 10, 20, 30, 45, 65, and 90° (the whole hemisphere). The observed flux was stored in a seven-dimensional array F∞ (E, γ, Bp, Tp, θcap, ξ, χ), which associates the (discrete) values of the energy- and phase-dependent intensity at each set of parameters.
The final step of the computation consisted in convolving the array F∞ with the instrumental response in order to properly compare the model with the observed data. This is described in the next section.
3. Observations and data analysis
We analyzed the two longest XMM-Newton observations of PSR J2021+4026, which were obtained in 2012 April (Obs. ID 0670590101) and in 2015 December (Obs. ID 0763850101) in the low γ-ray and in the post-relaxation states, respectively (see Table 2). The MOS1/2 cameras were operated in full-window mode with a medium and thick optical filter, while the pn camera was in small-window mode with a medium filter. Only the pn time resolution (5.7 ms with respect to 2.6 s of the MOS cameras) is adequate to reveal the pulsations of the source.
Table 2. 
Exposure times and source counts for PSR J2021+4026 in the three EPIC cameras.

The data reduction was performed using the EPPROC and EMPROC pipelines of version 15 of the Science Analysis System (SAS). We selected single- and multiple-pixel events (PATTERN≤4 and ≤12) for both the pn and MOS1/2. We then removed time intervals of a high background using the SAS program ESPFILT with standard parameters. The resulting net exposure times and counts are summarized in Table 2.
Throughout the entire timing analysis, we folded the data at the periods derived from the known pulsar ephemeris appropriate for each observing epoch (Table 1), after correcting the time of arrivals to the Solar System barycenter with the tool BARYCEN.
3.1. Maximum likelihood spectral extraction
To extract the source counts and spectra, we used a maximum likelihood (ML) technique, as implemented by Rigoselli & Mereghetti (2018) and Rigoselli et al. (2019). In short, this consists in estimating the most probable number of source and background counts that reproduce the observed data, assuming that source events are spatially distributed according to the instrumental point-spread function (PSF), while the background events are uniformly distributed. The expectation value of total counts in the image pixel (i, j) is
[image: thumbnail](2)
where b gives the background in counts per unit area (cts asec−2), s is the total number of source counts, and PSFij is the normalized point-spread function corresponding to that pixel. We take the PSF dependence on photon energy and the position on the detector into account, as derived from in-flight calibrations (Ghizzardi 2002). The ML method has the advantage of exploiting all the source events that are located in the region of interest and being compatible with the PSF. Furthermore, the background is determined locally, and not in a different region of the detector.
The above ML method, which is referred to as “2D-ML” from this point on, can be generalized to also take the pulse phase information of the events for periodic sources into account (“3D-ML”, Hermsen et al. 2013). If the events are binned in spatial and phase coordinates, a tridimensional space is defined, where the expectation value of the bin (i, j, k) is
[image: thumbnail](3)
Now su and sp represent the source counts for the unpulsed and pulsed components, respectively, while fk is the normalized pulse profile at phase φk. In this work, to describe the pulse shape, we considered a sine function
[image: thumbnail](4)
and a Gaussian function
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where φ0 is the absolute phase and σφ is the characteristic Gaussian width.
The maximum likelihood ratio (MLR), which is defined as the difference between the likelihood of the assumed model with its best parameters and that of the null hypothesis, is used to evaluate the significance of the results. In the case of 2D-ML, the MLR compares the likelihood of having a point source with respect to having only a background; whereas in the case of 3D-ML, it is obtained as a comparison between the likelihood of having a pulsating source with respect to the likelihood of having a source with constant emission. The significance in σ of the detection is the square root of the MLR.
Source spectra can be extracted by applying the ML to the images in different energy bins and using the appropriate PSF for each one. If we use Eq. (2) with the whole dataset, we get the phase-averaged spectrum, while if we divide the data into phase bins, we get the phase-resolved spectra. We note that all the spectra derived in this way contain the contributions of both the pulsed and unpulsed emission. Conversely, using the 3D-ML (Eq. (3)), we can obtain distinct spectra for the pulsed and unpulsed emission. In this context, the pulsed fraction (PF) is defined as the ratio between the pulsed and the total counts, as a function of the energy:
[image: thumbnail](6)
We applied the ML analysis in a circular region centered at RA = [image: equation], Dec = [image: equation] with a radius of 40″, in order to account for the different fields of view of each observation and camera. We first extracted the pulse profile dividing the data set into ten phase bins. Then, considering that the folded light curves are symmetric around phase 0.5 and also that the atmosphere model has the same symmetry, we summed the corresponding spectra two by two to obtain the five phase ranges highlighted in the inset of Fig. 1.
	[image: thumbnail]	Fig. 1. Phase-resolved spectrum of PSR J2021+4026 fitted with a power law (Γ = 1.0) and the atmosphere model discussed in Sect. 2 (Tp = 1 MK, Bp = 4 × 1012 G, θcap = 20°, χ = 90°, ξ = 25°). Main panel: spectra corresponding to the five phase bins displayed in the inset. Bottom panels: five spectra and their residuals, in units of σ, with respect to the best fit (same color code as before). The lines indicate the two spectral components: The thermal one changes with phase, while the power law is constant.



3.2. Spectral fitting
We performed the spectral fits using XSPEC (version 12.11.0) and the photoelectric absorption model TBABS, with cross sections and abundances from Wilms et al. (2000). The spectra of the three cameras were fitted simultaneously, including a normalization factor to account for possible cross-calibration uncertainties. All the spectra were grouped to achieve at least 100 (phase-averaged spectra) or 50 counts (phase-resolved as well as unpulsed and pulsed spectra) in each energy bin. We give all the errors at a 1σ confidence level.
Phase-resolved spectroscopy is usually performed by independently fitting the spectra corresponding to different phase intervals and examining how the derived best-fit parameters change as a function of the phase. In our analysis we followed a different approach based on global fits in the energy-phase space. In fact, by proper integration of the array F∞ described in Sect. 2 over E and γ, we can obtain the model flux in each energy and phase bin. This model is fitted simultaneously to the phase-resolved spectra to derive a single set of the best-fit parameters Bp, Tp, θcap, ξ, χ.
4. Results
We first applied the ML to the two single observations and we found no significant variations between the two epochs: The count rate measured by the pn camera is 0.0122 ± 0.0006 cts s−1 in 2012 and 0.0125 ± 0.0006 cts s−1 in 2015, which is a difference of 2.4 ± 6.8%. We can thus set a 3σ upper limit of 22.8% on the long-term variability. The count rate measured by the MOS cameras are different in the two observations (see Table 2), but this is due to the different setting of the instruments in the two epochs. Therefore, in the following, we present the results obtained by summing the data of the two observations1.
4.1. 2D-ML spectral analysis
We first modeled the phase-averaged spectrum of PSR J2021+4026 using a power law plus a blackbody, and we found that this model fits the data well, with a reduced [image: equation] for 32 degrees of freedom (d.o.f.) and a null-hypothesis probability (nhp) of 0.78. The best-fitting photon index Γ = 1.2 ± 0.2, observed temperature kT∞ = 0.221 ± 0.015 keV, and emitting radius [image: equation] m (evaluated for d = 1.5 kpc) are in excellent agreement with what was found in previous works (Hui et al. 2015; Wang et al. 2018). For this model, the column absorption is [image: equation] cm−2.
We then fit the spectrum with some of the magnetized hydrogen atmosphere models available in XSPEC. In particular, the NSMAXG models (Ho et al. 2008, 2014) allow one to specify if the magnetic field and the temperature are constant on the surface, or if they follow the profile expected for a dipole field. As summarized in the first part of Table 3, all of these models give a good fit if they are combined with an absorbed power law with Γ ∼ 1.1 and NH ∼ 9 × 1021 cm−2. The effective temperature is about 0.66 MK or 1 MK, depending on whether the impact angle η (see Eq. (1)) is 0° or 90°, respectively. The corresponding emitting radii Rem of [image: equation] km or [image: equation] km indicate that the thermal emission comes from a very large region or even from the whole surface; in fact, if we fix Rem = R = 13 km, we still obtain a good fit.
Table 3. 
Spectral results.

To further investigate the possible emission from the whole surface, we added a second thermal component with a temperature Tcool and an emitting radius fixed to that of the star to the best-fitting spectrum. We let Tcool free to vary, but the resulting best-fitting value was not constrained. In the case of blackbody models, we found Tcool <  84 eV with [image: equation] for 31 d.o.f. (corresponding to an F-test probability of 0.02 compared to the single-blackbody model). We repeated the analysis with the NSMAXG models and found Tcool <  63 eV, with [image: equation] for 31 d.o.f. (F-test probability of 0.85). These results indicate that the addition of a thermal component from the whole surface is not statistically required and we derived a 3σ upper limit of its luminosity in the range (5 − 16) × 1032 erg s−1 (depending on the thermal model used).
Finally, we used our magnetized atmosphere models presented in Sect. 2 and we found that only the model with Teff = 1 MK gives an acceptable [image: equation] (0.96 for 33 d.o.f. with respect to 3.8 of the model with Teff = 0.5 MK). All the explored χ and ξ angles gave equally good results for best fit emitting regions with θcap ∼ 20°, which corresponds to a radius of about 5−6 km. The addition of an absorbed power law with Γ = 1.0 ± 0.2 and NH = (8.5 ± 0.4) × 1021 cm−2 is also required in these cases.
To constrain the pulsar geometry, we had to rely on the phase-resolved spectroscopy: We fit the five phase-resolved spectra of PSR J2021+4026 with our models for all the geometries and we got good fits ([image: equation]) for a restricted set of angles: 100° ≲χ + ξ ≲ 120°. Moreover, as previous works have already noticed, it is impossible to reproduce the observed data if X-rays are emitted by both hemispheres. The best fit is obtained when χ = 90° and ξ = 25°, with approximately the same spectral parameters found in the phase-averaged spectral analysis, see Table 3. We remark that with our fitting method, the normalization of the atmosphere models is linked for all the phases and it leads to Rem = 5.1 ± 0.2 km or Rem = 5.5 ± 0.2 km, depending on which of the two hemispheres is active. These results were obtained including a power law with a constant flux at all phases, which is consistent with the assumption that the nonthermal component is entirely unpulsed.
4.2. 3D-ML timing and spectral analysis
The 3D-ML analysis allows us to simultaneously exploit, in a very effective way, the combined timing and spectral information. The pulsations of PSR J2021+4026 are detected with the highest significance in the 0.7 − 3 keV energy range. In applying the 3D-ML analysis in this range with ten phase bins, we found that the pulse profile is better described by a Gaussian (MLRgauss = 245) than by a sine function (MLRsine = 227), as it is shown in the left panel of Fig. 2. The use of a Gaussian thus gives an improvement of the MLR of 18, corresponding to a significance greater than 4σ.
	[image: thumbnail]	Fig. 2. Phase-folded light curves of PSR J2021+4026 as observed by EPIC-pn in the range of 0.7 − 3 keV (left panel) and 0.7 − 1 − 1.45 − 2 − 3 keV (right panel). The data (black dots) were obtained with the 2D-ML in ten phase bins. The red (sine, Eq. (4)) and blue (Gaussian, Eq. (5)) lines were obtained with the 3D-ML.



The Gaussian has a phase width σφ = 0.15 ± 0.01, and PF = 0.77 ± 0.05 (defined as in Eq. (6)). In the softer energy range (0.4 − 0.7 keV), we found hints for pulsations with PF = 0.48 ± 0.26 at a 1.5σ level, while above 3 keV no pulsations are detected.In fact, the source has s = 288 ± 28 counts above 3 keV, corresponding to a detection at more than 10σ, but only [image: equation] of these counts are pulsed, yielding a 3σ upper limit PF < 0.34. Then, we divided the central energy range into four bins (0.7 − 1 − 1.45 − 2 − 3 keV) and we applied the 3D-ML analysis to each pulse profile with a Gaussian σφ fixed at 0.15. The data and the corresponding best fits are shown in the right panel of Fig. 2. The measured su(E) and sp(E) were used to derive the unpulsed and the pulsed spectra, respectively, and the PF as a function of energy (see Fig. 3).
	[image: thumbnail]	Fig. 3. Total, unpulsed, and pulsed spectra (left panel) and corresponding PF (right panel) of PSR J2021+4026 as observed by EPIC-pn and extracted with the 3D-ML, assuming a Gaussian function (Eq. (5)) for the pulse profile. The solid lines represent the PF computed in the case of a power law plus a blackbody (PL+BB, magenta line), and a power law plus a magnetized atmosphere (PL+ATMO, green line).



We fit the unpulsed and pulsed spectra with our models, with the respective normalizations correctly evaluated as explained in Sect. 2. Differently from what we did in the previous section, now we can be more lenient with the assumption that the power law has a constant flux, and we can investigate its contribution to the pulsed spectrum simply by adding a power law model with free normalization to each spectrum. We found that the best-fitting geometry is χ = 90° and ξ = 20°, and that the unpulsed power law has a normalization consistent with 0, independently of which of the two hemispheres is emitting. We obtained [image: equation] and 1.09 for 9 d.o.f., respectively, and spectral parameters very similar to those found with phase-resolved spectroscopy. We also tested the power-law plus blackbody model, adopting the same hypothesis that both the unpulsed and pulsed spectra could show a mixture of thermal and nonthermal emission. We found a worse best fit, with [image: equation] for 7 d.o.f. Also, in this case, the power law is entirely unpulsed, while the blackbody contributes to both the unpulsed and pulsed spectra.
Using the best-fit parameters of all the models summarized in the last part of Table 3, we computed the expected PF as a function of energy, which is shown in the right panel of Fig. 3. Above 3 keV, the observed emission is entirely due to the nonthermal photons. The best-fit normalizations of the power-law components imply a 3σ upper limit of ∼0.40 on the PF above 3 keV, independent of the specific thermal emission model.
5. Discussion
We have shown that the use of a magnetized atmosphere model instead of a blackbody provides a better explanation of the observed X-ray properties of PSR J2021+4026. In particular, the energy dependence of the PF is better reproduced by our model, as it is shown in the right panel of Fig. 3. Another weakness of the blackbody model is that it predicts a sinusoidal pulse profile, but our analysis clearly indicates a narrower pulse, which is well described by a Gaussian shape with σφ = 0.15 in phase (Fig. 2, left panel).
Both the spectral and timing properties of PSR J2021+4026 can be reproduced well using our hydrogen atmosphere model with Tp = 1 MK, Bp = 4 × 1012 G, and θcap ∼20°, provided that, as in previous works (Hui et al. 2015; Wang et al. 2018), one of the two magnetic polar regions does not emit detectable X-rays. The deactivation of a polar cap is possible in outer gap models. In fact, due to the gravitational deflection of some of the high-energy photons emitted by the primary charges and to the local multipolar magnetic field, the charges can fill one of the gaps and quench the accelerator zone (Cheng et al. 2000). The pulsar geometry derived from our X-ray fits is relatively well constrained (χ = 90° and ξ = 20°–25°) and consistent with what was deduced from γ-ray observations (Trepl et al. 2010). The thermal emission has a bolometric luminosity of (4.6 ± 0.3) × 1031 erg s−1 (for d = 1.5 kpc). Nonthermal emission with a luminosity of L1 − 10 = (9.2 ± 0.7) × 1030 erg s−1, corresponding to 7.7 × 10−5 times the spin-down power, is also present and we set a 3σ upper limit of ∼40% on its PF. This component arises from the nonthermal particles accelerated in the outer magnetosphere or, more likely, in the PWN resolved by Chandra (Hui et al. 2015).
If PSR J2021+4026 is really the remnant of SNR G78.2+2.1, its small true age of about 7 kyr implies that its surface should still be hot enough to significantly emit in the X-ray band. To check this possibility, we added a second thermal component with temperature Tcool and fixed emitting radius equal to that of the star to the best-fitting spectrum. We let Tcool free to vary and found acceptable fits with temperatures Tcool <  63 − 84 eV (the range corresponds to the different thermal emission model used, i.e., NSMAXG or a blackbody), yielding bolometric luminosities below Lcool <  (5 − 16) × 1032 erg s−1. As seen in other neutron stars with ages of ∼1–10 kyr (e.g., PSR B0833−45, Pavlov et al. 2001; PSR B1706−44, McGowan et al. 2004; PSR B2334+61, McGowan et al. 2006), this luminosity is lower than predicted by standard cooling curves (in the range 2 × 1033 − 1034 erg s−1), but it can be explained with the presence of iron envelopes and/or the activation of fast cooling processes (Potekhin et al. 2020).
The radius of the emitting region that we infer from our models, Rem ∼ 5 − 6 km, is larger than expected in the framework of external re-heating, where the hot spot should have the size of the magnetic polar cap, or even smaller (e.g., Viganò et al. 2015). We note that this discrepancy cannot be solved by different assumptions on the pulsar radius or distance. To reconcile the observed flux with an emitting area with a size comparable to the polar cap, the star radius should indeed be greater than 20 km and the pulsar closer than 0.5 kpc. This seems to be a rather unlikely possibility when also considering the large absorption of ≳8 × 1021 cm−2 required to fit the X-ray spectrum. It is important to note that the total column density in this direction is ∼1.1 × 1022 cm−2 (Ben Bekhti 2016) and the extinction maps of Green et al. (2019) show that significant reddening occurs only for stars at about 1 kpc distance. The large PF further argues against emission from the entire star surface, as it would be expected in the case of secular cooling. We note, however, that the thermal surface map of a cooling neutron star is strongly affected by the topology of the magnetic field inside the crust and can be highly inhomogeneous, especially if a strong toroidal field is present (see e.g., Geppert et al. 2006).
Finally, we note that evidence for large emitting regions, which are hotter than the remaining part of the surface, has also been found in other pulsars with ages similar to PSR J2021+4026 (Caraveo et al. 2010; Maitra et al. 2017; Arumugasamy et al. 2018; Danilenko et al. 2020). Some of them, as PSR J0007+7303, also have a high PF, reinforcing the hypothesis of a localized origin of this thermal component. This seems less evident in pulsars of ∼105 yr, and it certainly does not apply to pulsars with τ ≳ 106 yr, which have hot spots with dimensions consistent or even lower than those of the dipole polar caps (Rigoselli & Mereghetti 2018). Despite the estimate of the emitting region, the size depends on the thermal model used, the effects of geometrical projection, and the uncertainties on the distance. Furthermore, the possible age dependence of the thermal emission size is potentially of interest and worth being investigated further.


1 We independently summed the spectra of the three cameras; the folded light curves were added after an appropriate phase shift to align the pulse profiles.
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	[image: thumbnail]	Fig. 1. Phase-resolved spectrum of PSR J2021+4026 fitted with a power law (Γ = 1.0) and the atmosphere model discussed in Sect. 2 (Tp = 1 MK, Bp = 4 × 1012 G, θcap = 20°, χ = 90°, ξ = 25°). Main panel: spectra corresponding to the five phase bins displayed in the inset. Bottom panels: five spectra and their residuals, in units of σ, with respect to the best fit (same color code as before). The lines indicate the two spectral components: The thermal one changes with phase, while the power law is constant.
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	[image: thumbnail]	Fig. 2. Phase-folded light curves of PSR J2021+4026 as observed by EPIC-pn in the range of 0.7 − 3 keV (left panel) and 0.7 − 1 − 1.45 − 2 − 3 keV (right panel). The data (black dots) were obtained with the 2D-ML in ten phase bins. The red (sine, Eq. (4)) and blue (Gaussian, Eq. (5)) lines were obtained with the 3D-ML.
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	[image: thumbnail]	Fig. 3. Total, unpulsed, and pulsed spectra (left panel) and corresponding PF (right panel) of PSR J2021+4026 as observed by EPIC-pn and extracted with the 3D-ML, assuming a Gaussian function (Eq. (5)) for the pulse profile. The solid lines represent the PF computed in the case of a power law plus a blackbody (PL+BB, magenta line), and a power law plus a magnetized atmosphere (PL+ATMO, green line).
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      Table 1. 

      Observed and derived parameters for PSR J2021+4026

      
        


	RA (J2000.0) (a)
	
	
[image: equation]
	



	Dec (J2000.0) (a)
	
	
[image: equation]
	



	Ė (erg s−1)
	
	1.2 × 1035
	



	Bs (G)
	
	4.0 × 1012
	



	τc (yr)
	
	73 000 − 77 000
	



	τSNR (yr) (b)
	
	6600
	



	dSNR (kpc) (c)
	
	1.5 ± 0.5
	



	




	
	Low γ-ray state
	Post-relaxation state
	New low γ-ray state



	
	2011 Oct.–2014 Dec.
	2014 Dec.–2018 Feb.
	2018 Feb.–…



	




	MJD range (d)
	55 857 − 56 943
	57 062 − 57 565
	58 244 − 58 722



	Epoch zero (MJD)
	56 400
	57 200
	58 400



	P (s)
	0.26532469511(1)
	0.26532861459(4)
	0.26533428586(2)



	Ṗ (s s−1)
	5.7710(1) × 10−14
	5.447(4) × 10−14
	5.6480(6) × 10−14



	
[image: equation] (s s−2)
	+1.4(5) × 10−24
	−2.5(4) × 10−23
	+2.2(1) × 10−24





      

      
Notes. Numbers in parentheses show the 1σ uncertainty for the last digits.

(a) The position is derived from Ray et al. (2011).


(b) SNR G78.2+2.1 adiabatic age is derived from Uchiyama et al. (2002).


(c) SNR G78.2+2.1 distance is derived from Landecker et al. (1980).


(d) The ephemerides are derived from Zhao et al. (2017) and Takata et al. (2020).




    

  
    
      Table 2. 

      Exposure times and source counts for PSR J2021+4026 in the three EPIC cameras.

      
        


	Obs. ID
	Start time
	End time
	Camera
	Net exposure
	Operative modes (a)
	Source counts (b)
	Count rate (b)



	
	(UT)
	(UT)
	
	(ks)
	and filters
	(cts)
	(10−3 cts s−1)





	0670590101
	2012-04-11 07:24:03
	2012-04-12 21:07:38
	pn
	63.7
	SW, medium
	778 ± 41
	12.2 ± 0.6



	
	
	
	MOS1
	88.1
	FW, medium
	374 ± 28
	4.2 ± 0.3



	
	
	
	MOS2
	94.7
	FW, medium
	402 ± 30
	4.2 ± 0.3



	




	0763850101
	2015-12-20 10:15:58
	2015-12-22 01:24:17
	pn
	90.0
	SW, medium
	1127 ± 50
	12.5 ± 0.6



	
	
	
	MOS1
	126.2
	FW, thick
	305 ± 26
	2.4 ± 0.2



	
	
	
	MOS2
	125.9
	FW, thick
	397 ± 29
	3.4 ± 0.3



	




	Sum
	
	
	pn
	153.7
	
	1905 ± 65
	12.4 ± 0.4



	
	
	
	MOS1
	214.4
	
	679 ± 39
	3.2 ± 0.2



	
	
	
	MOS2
	220.6
	
	830 ± 43
	3.8 ± 0.2





      

      
Notes.

(a) SW = Small Window; FW = Full Window.


(b) Net counts and count rate extracted with the ML in the energy range 0.7 − 3 keV.




    

  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        Phase-resolved spectrum of PSR J2021+4026 fitted with a power law (Γ = 1.0) and the atmosphere model discussed in Sect. 2 (Tp = 1 MK, Bp = 4 × 1012 G, θcap = 20°, χ = 90°, ξ = 25°). Main panel: spectra corresponding to the five phase bins displayed in the inset. Bottom panels: five spectra and their residuals, in units of σ, with respect to the best fit (same color code as before). The lines indicate the two spectral components: The thermal one changes with phase, while the power law is constant.

      

    

  
    
      Table 3. 

      Spectral results.

      
        


	Model
	NH
	Γ
	PL normalization
	
[image: equation]
	χ(a)
	ξ(a)
	Teff
	Rem
	[image: equation]/d.o.f.
	nhp





	
	(1021 cm−2)
	
	(10−6 pho cm−2 s−1 keV−1)
	(1012 G)
	(°)
	(°)
	(MK)
	(km)
	
	



	




	Phase averaged



	




	PL+BB
	
[image: equation]
	1.2 ± 0.2
	
[image: equation]
	...
	...
	...
	3.1 ± 0.2
	
[image: equation]
	0.80/32
	0.78



	PL+NSMAXG (b)
	9 ± 1
	1.1 ± 0.3
	
[image: equation]
	4
	...
	...
	1.1 ± 0.1
	
[image: equation]
	0.86/32
	0.69



	PL+NSMAXG (c)
	9 ± 1
	
[image: equation]
	
[image: equation]
	2
	η = 0°
	
[image: equation]
	
[image: equation]
	0.84/32
	0.72



	PL+NSMAXG (c)
	9 ± 1
	
[image: equation]
	
[image: equation]
	2
	η = 90°
	
[image: equation]
	
[image: equation]
	0.86/32
	0.69



	PL+NSMAXG (c)
	10.7 ± 0.4
	1.3 ± 0.2
	
[image: equation]
	2
	η = 90°
	0.88 ± 0.01
	13 (a)
	0.76/33
	0.64



	PL+ATMO north (d)
	8.4 ± 0.4
	1.0 ± 0.2
	
[image: equation]
	4
	90
	25
	1 (a)
	5.1 ± 0.2
	0.96/33
	0.53



	PL+ATMO south (d)
	8.5 ± 0.4
	1.0 ± 0.2
	
[image: equation]
	4
	90
	25
	1 (a)
	5.6 ± 0.2
	0.96/33
	0.53



	




	Phase resolved



	




	PL+ATMO north (d)
	8.3 ± 0.4
	1.0 ± 0.3
	
[image: equation]
	4
	90
	25
	1 (a)
	5.1 ± 0.2
	1.05/44
	0.38



	PL+ATMO south (d)
	8.3 ± 0.4
	1.1 ± 0.3
	
[image: equation]
	4
	90
	25
	1 (a)
	5.5 ± 0.2
	0.94/44
	0.59



	




	Unpulsed/pulsed



	




	PL+BB
	6 ± 1
	0.92 ± 0.26
	
[image: equation]/< 0.4
	…
	…
	…
	3.6 ± 0.3
	
[image: equation]
	1.61/7
	0.13



	PL+ATMO north (d)
	8.7 ± 0.6
	1.0 ± 0.2
	
[image: equation]/< 0.4
	4
	90
	20
	1 (a)
	5.5 ± 0.3
	1.03/9
	0.41



	PL+ATMO south (d)
	8.8 ± 0.6
	1.1 ± 0.2
	
[image: equation]/< 0.5
	4
	90
	20
	1 (a)
	5.7 ± 0.3
	1.11/9
	0.35





      

      
Notes. Temperatures and radii are at the star surface; M = 1.36 M⊙, R = 13 km, d = 1.5 kpc. Errors at 1σ.

(a) Fixed value.


(b) NSMAXG model (Ho et al. 2008, 2014) with constant magnetic field and surface temperature.


(c) NSMAXG model with a dipole distribution of the magnetic field and consistent temperature distribution.


(d) Our model of a magnetized atmosphere described in Sect. 2 with a dipole distribution of the magnetic field and consistent temperature distribution, with only either the northern or the southern hemispheres active.




    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Phase-folded light curves of PSR J2021+4026 as observed by EPIC-pn in the range of 0.7 − 3 keV (left panel) and 0.7 − 1 − 1.45 − 2 − 3 keV (right panel). The data (black dots) were obtained with the 2D-ML in ten phase bins. The red (sine, Eq. (4)) and blue (Gaussian, Eq. (5)) lines were obtained with the 3D-ML.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Total, unpulsed, and pulsed spectra (left panel) and corresponding PF (right panel) of PSR J2021+4026 as observed by EPIC-pn and extracted with the 3D-ML, assuming a Gaussian function (Eq. (5)) for the pulse profile. The solid lines represent the PF computed in the case of a power law plus a blackbody (PL+BB, magenta line), and a power law plus a magnetized atmosphere (PL+ATMO, green line).
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