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Detection of the Geminga pulsar at energies down to 20 GeV with the LST-1 of CTAO
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Abstract

Context. Geminga is the third gamma-ray pulsar firmly detected by imaging atmospheric Cherenkov telescopes (IACTs) after the Crab and the Vela pulsars. Most of its emission is expected at tens of giga-electronvolts, and, out of the planned telescopes of the upcoming Cherenkov Telescope Array Observatory (CTAO), the Large-Sized Telescopes (LSTs) are the only ones with optimised sensitivity at these energies.

Aims. We aim to characterise the gamma-ray pulse shape and spectrum of Geminga as observed by the first LST (hereafter LST-1) of the Northern Array of CTAO. Furthermore, this study confirms the great performance and the improved energy threshold of the telescope, as low as 10 GeV for pulsar analysis, with respect to current-generation Cherenkov telescopes.

Methods. We analysed 60 hours of good-quality data taken by the LST-1 between December 2022 and March 2024 at zenith angles below 50°. Additionally, a new Fermi-LAT analysis of 16.6 years of data was carried out to extend the spectral analysis down to 100 MeV. Lastly, a detailed study of the systematic effects was performed.

Results. We report the detection of Geminga in the energy range between 20 and 65 GeV. Of the two peaks of the phaseogram, the second one, P2, is detected with a significance of 12.2σ, while the first (P1) reaches a significance level of 2.6σ. The best-fit model for the spectrum of P2 was found to be a power law with a spectral index of Γ = (4.5 ± 0.4stat)−0.6sys+0.2sys, compatible with the previous results obtained by the MAGIC Collaboration. No evidence of curvature is found in the LST-1 energy range. The joint fit with Fermi-LAT data confirms a preference for a sub-exponential cut-off over a pure exponential, even though both models fail to reproduce the data above several tens of giga-electronvolts. The overall results presented in this paper prove that the LST-1 is an excellent telescope for the observation of pulsars, and improved sensitivity is expected to be achieved with the full CTAO Northern Array.

Key words: astroparticle physics / stars: neutron / pulsars: general / pulsars: individual: Geminga pulsar / gamma rays: stars


1. Introduction
Pulsars make up the majority of the Galactic gamma-ray sky, with almost 340 identified sources between rotation-powered and millisecond pulsars in the Third Fermi Large Area Telescope (LAT) catalogue of gamma-ray pulsars, 3PC (Smith et al. 2023). Their gamma-ray emission is usually explained with curvature radiation models, which are compatible with the double-peaked phase-folded light curves and the sub-exponential cut-offs at a few giga-electronvolts observed in the spectra of Fermi-LAT pulsars. Imaging atmospheric Cherenkov telescopes (IACTs) later detected emission above 25 GeV from the Crab pulsar (Aliu et al. 2008). Then, more surprisingly, the Crab was discovered to show pulsed emission above 100 GeV (VERITAS Collaboration 2011; Aleksic et al. 2012) and even up to 1.5 TeV (Ansoldi et al. 2016). More recently, H.E.S.S. Collaboration (2023) discovered pulses up to 20 TeV from Vela. The detection of tera-electronvolt pulsed emission challenges the capability of curvature radiation models in explaining the entire gamma-ray spectrum from mega-electronvolt to tera-electronvolt energies.
Despite the important achievement, current-generation IACTs have limited sensitivity for the detection of pulsars. The Cherenkov Telescope Array Observatory (CTAO) (Zanin et al. 2021) will be the next-generation facility for ground-based gamma-ray observations, consisting of two arrays, one in the Northern Hemisphere and one in the Southern, composed of telescopes of three different sizes. This configuration will allow it to cover a wide energy range from around 20 GeV to almost 300 TeV. In particular, Large-Sized Telescopes (LSTs) are designed to have the highest sensitivity in the energy range from 20 to 200 GeV (Abe et al. 2023), being ideal instruments for studying pulsars in the gap between Fermi-LAT and the tera-electronvolt domain, covered by other IACT arrays. The first LST of the CTAO-North array, dubbed LST-1, has already been built and is currently in the final commissioning phase.
Geminga (PSR J0633+1746) is the third pulsar detected above 5σ significance by IACTs1 (MAGIC Collaboration 2020). It is a well-known and studied source, considered the archetype of a middle-aged radio-quiet gamma-ray pulsar. It is also one of the closest pulsars to us, with an estimated parallax distance of [image: equation] pc (Faherty et al. 2007). The SAS-2 satellite discovered it as an isolated gamma-ray source in 1972 without any counterpart at other wavelengths (Fichtel et al. 1975). Only twenty years later it was possible to identify it as a pulsar thanks to combined results from X-ray observations by ROSAT (Halpern & Holt 1992) and gamma-ray data from EGRET (Bertsch et al. 1992). From these last results, the main rotation parameters were estimated to be a period of P = 237 ms and a period derivative of [image: equation] s s−1, from which they derived its characteristic age of τc ∼ 300 kyr and its spin-down power [image: equation] erg s−1. There is still no detection of Geminga at radio wavelengths, and the latest results report an upper limit on the average flux density of 0.4–4 mJy at a frequency of 111 MHz (Ershov 2021), where the range is due to different assumptions on the pulse duration. Despite being radio-quiet, Geminga is one of the few pulsars also detected at optical frequencies (Shearer & Golden 2002).
Geminga was detected within one year of operations by Fermi-LAT (Abdo et al. 2010), and, more surprisingly, emission above 15 GeV was reported by MAGIC Collaboration (2020). They detected the second emission peak of the pulsar at a significance level of 6.3σ and fitted its spectrum using a power law (PL) with spectral index Γ = 5.62 ± 0.54 extending up to 75 GeV. This could be interpreted as the smooth transition from a regime dominated by curvature radiation to an inverse-Compton-dominated regime at higher energies.
In this paper, we report the detection of Geminga with the LST-1. Section 2 summarises the details of the data analysis; in Sect. 3 we present the main results obtained in this work, in Sect. 4 we outline the tests we performed to study systematic effects on the LST-1 analysis; finally, in Sect. 5 we discuss the results and present our conclusions.
2. Observations and data analysis
2.1. LST-1 observations and data analysis
LST-1 observations were performed in 20-minute-long runs in the so-called wobble mode (Fomin et al. 1994), with an off-set angle of 0.4° from the camera centre. The LST-1 observed Geminga as part of the commissioning program between December 2022 and March 2024 for almost 80 hours in total. For this analysis, we required observations in dark conditions only, i.e. no dusk and down or moonlight, and performed a quality selection of the data to reject the runs affected by telescope problems or bad weather conditions. The method chosen to assess the data quality is based on the analysis of the differential intensity spectra of the detected showers, which are mostly induced by hadrons. The spectrum is characterised by a peak followed by a power law decay. The method consists of fitting the power-law region of the spectrum, then the selection is based on a range of values derived empirically from a good sample of observations. This approach is an evolution of the one used in CTAO-LST Project (2023). The final sample was reduced to 60 hours of good-quality data taken at zenith distance (Zd) lower than 50°, among which the majority (54 hours) were taken at Zd < 25°, which helps to reduce the overall energy threshold in the analysis.
The data were then reduced using version v0.10.7 of the cta-lstchain software library (López-Coto 2022; López-Coto et al. 2024), following the procedure described in CTAO-LST Project (2023). Three main characteristics of the primary particle that generates the shower were reconstructed: its energy, incoming direction in the sky, and nature. The latter was measured with the ‘gammaness’ parameter, an indicator of how likely it is that the primary particle is a hadron (gammaness ∼ 0) or a gamma ray (gammaness ∼ 1). The reconstruction is performed using random forest methods trained on simulated Monte Carlo (MC) data. The package lstmcpipe (Garcia et al. 2022; Vuillaume et al. 2024), which uses lstchain, was employed to process the simulated data. In particular, an MC production of gamma rays and protons was simulated along a declination line of 22.76° as seen from the LST-1 site, close to the declination of Geminga in the sky. We also tuned the night sky background in the simulations to match the level observed in the sky region around Geminga. The instrument response functions (IRFs) of the LST-1 were computed using an MC test sample simulated in different sky positions along the declination line, and they were subsequently interpolated with the telescope pointing to obtain the correct IRFs for each observation run.
We adopted the source-dependent approach, for which the source position is assumed a priori. In this way, we can achieve a better performance in the reconstruction of low-energy showers (CTAO-LST Project 2023). The main parameter introduced when performing a source-dependent analysis is ‘alpha’, defined as the angle between the main axis of the shower ellipse and the line connecting the centroid of the image and the position of the source.
To achieve a good agreement between the simulations and the observed data, especially for the weaker signals, we applied to both samples a cut on the image intensity of I > 50 photoelectrons (p.e.). This cut allowed us also to reject the lowest intensity events, which are usually poorly reconstructed. To remove the hadronic background, we also applied energy-dependent cuts on alpha and gammaness based on a standard 70% selection efficiency of the MC. Later, in Sect. 4, we study the systematic effects on the analysis when varying these cuts.
The next step of the analysis chain was the computation of the rotational phase of the pulsar at which each event was emitted. This was done using version v0.9.7 of the PINT Python package (Luo et al. 2019, 2021) through the PulsarTimingAnalysis software (Mas & Morcuende 2024). The pulsar’s ephemeris were computed based on Fermi-LAT data starting on 6 August 2008 and available online2. Finally, the science products, i.e. the phaseogram and the spectral energy distribution (SED), were obtained using version v1.1 of Gammapy (Donath et al. 2023; Aguasca-Cabot et al. 2023).
The phase regions adopted for this analysis are the ones defined in MAGIC Collaboration (2020): P1 = [0.056; 0.161] for the first peak, P2 = [0.550; 0.642] for the second, and OFF = [0.700; 0.950] for the background phase region. We also considered the inter-peak (or Bridge) emission, defined as Bridge = [0.161; 0.550].
2.2. Fermi-LAT observations and data analysis
Most of the gamma-ray emission from Geminga is concentrated below 10 GeV, where Fermi-LAT is more sensitive than the LST-1. To expand the spectrum over a broader energy range, we analysed 16.6 years of public Fermi-LAT data, starting on 4 August 2008 and lasting until 27 March 2025.
Fermi-LAT data were reduced and analysed using version v1.3.1 of the Fermipy package (Wood et al. 2017) with version v2.2.0 of the Fermi Science Tools and the P8R3_SOURCE_V3 IRFs. We chose a region of interest (ROI) with a side of 15° centred on the Geminga pulsar position (RA = 06h 33m 54.15s, Dec = +17° 46′ 12.91″) and binned in 0.1° bins, and the energy range 100 MeV–300 GeV. We filtered for good timing and nominal state of the detector. For energies below 103.5 ∼ 3.2 GeV, we selected the events classified as SOURCE (event class 128) and type 32 (PSF3, the best quartile of the PSF distribution), with a maximum zenith distance of 90°. For energies above ∼3.2 GeV, instead, we selected the SOURCE class events, but we included all event types 4, 8, 16, 32 (PSF0 + PSF1 + PSF2 + PSF3, corresponding to no filtering for the PSF quality), with a maximum zenith distance of 105°. This event selection allows us to limit systematics related to the PSF modelling and affecting a bright source such as Geminga at the lowest energies, while keeping sound statistics at the higher end of the spectrum.
The last step was to obtain the spectrum and the flux points for the two peaks, for which we selected the same phase regions as for the LST-1 analysis. We performed a binned likelihood analysis in the range 100 MeV–300 GeV with eight logarithmically spaced energy bins per decade. Then, we used a spectral-spatial model considering the sources reported in the 4FGL catalogue (Abdollahi et al. 2020) and within a region of 20°. We included in the fit the Galactic (gll_iem_v07.fits) and isotropic background (iso_P8R3_SOURCE_V3_v1.txt) models, specifying the latter according to each different PSF class separately. We first ran an optimisation to estimate the predicted count rates of the sources in the sky region and froze all the parameters to their catalogue values for sources with predicted count values of less than one. We then modelled the Geminga spectrum as a power law with sub-exponential cut-off (PLSEC), using the PLSuperExpCutoff2 model, first with free normalisation, spectral index and exponential factor, but leaving the exponential index at the 4FGL catalogue value. We also let free the normalisation of the background sources within 10° and with at least a 3σ significance, as well as the shape parameters of the background sources within 7° with at least a 5σ significance, and the spectral parameters of the second brightest source in the ROI, 4FGL J0617.2+2234e. Starting from the maximum likelihood values of the previous fit, we performed a further step by freezing background sources, but freeing all Geminga parameters, including the exponential index. Finally, we obtained the Geminga SED points by fitting a power law with spectral index Γ = 2 in each energy bin, with the background sources locked.
3. Results
3.1. Phaseogram
Figure 1 depicts the phaseogram of Geminga as observed by the LST-1 at Zd < 50° without applying any energy cut to the sample. Out of the two well-known peaks, only P2 is detected with a Li&Ma significance (Li & Ma 1983) of 12.2σ. P1 reaches a significance level of 2.6σ. We also studied the signal in the Bridge region and observed an excess corresponding to a Li&Ma significance of 1.8σ.
	[image: thumbnail]	Fig. 1. Phaseogram of the LST-1 observations of the Geminga shown over two rotational periods, with no cut in energy. The different phase regions (P1, P2, Bridge and background, or OFF) are highlighted in the plot. The average level of the background counts is reported as the horizontal dashed line. We also show the Li&Ma significance of both peaks and the inter-peak region and the total observation time.



We expect that the significance evolves as the square root of the observational time, i.e. [image: equation], so we used this relation to derive the coefficient A and estimate how many hours would be needed to reach a 5σ significance of P1. The test yielded σP1 = (0.34 ± 0.13) t(h)1/2, where the error on A has been estimated considering that the Li&Ma significance, in the case of weak sources, has an uncertainty of one by definition (Li & Ma 1983). Considering this trend, the estimated observational time for a 5σ detection of P1 would be more than 200 hours, which could be achieved with few observational cycles of LST-1. The result for P2 proves the excellent detection capabilities of the LST-1 compared to other existing IACTs: we obtained a doubled significance when compared to MAGIC Collaboration (2020) in less observational time and with a single telescope.
The absence of emission from P1 above 15 GeV was already reported by Ackermann et al. (2013) and later by MAGIC Collaboration (2020). As a further comparison, we obtained the Fermi-LAT phaseograms using a circular extraction region of 3° radius for different energy ranges, shown in Fig. 2, to see how the two peaks evolve. The significance of both peaks and the Bridge is above 100σ up to 10 GeV, but it decreases to 5.7σ, 23σ and 4σ above 10 GeV for P1, P2, and the Bridge, respectively. Above 15 GeV, only P2 is detected with a significance of 10.7σ, while P1 and the Bridge both show excesses at 1σ level. The results obtained with the LST-1 are in line with these findings. However, it is possible to observe some hint of excess (significance above 1.5σ) from P1 and the Bridge regions in the LST-1 sample, as shown in Fig. 1. These features will be investigated in the future when additional LSTs are operative.
	[image: thumbnail]	Fig. 2. Phaseogram of Geminga obtained from the analysis of 16.6 years of Fermi-LAT data using a circular extraction region with a 3° radius for four different energy ranges, indicated on top of each plot, and using the same colour code for the phase regions as Fig. 1.



3.2. Morphology of P2
We studied the shape of the second peak in the LST-1 phaseogram, fitting both a symmetric Gaussian and a symmetric Lorentzian model in phase. We chose symmetric models since no clear evidence of asymmetries is observed in P2 (Abdo et al. 2010). We added a constant representing the background to each profile so that the final models could be written as
[image: thumbnail](1)
for the Gaussian, and
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for the Lorentzian. In both cases, ϕ represents the value of the rotational phase.
We fitted these models in different reconstructed energy bins. We analysed the reconstructed energy range [15, 65] GeV, where the signal of P2 is concentrated. We further divided it into two logarithmically spaced bins, [15, 31] GeV and [31, 65] GeV, and repeated the analysis in both. We did not include data above 65 GeV due to the lack of signal from P2 at those energies.
The best-fit results for the full band and the two energy bins are reported in Table 1 for both the Gaussian and the Lorentzian profiles, along with their statistical errors. All the statistical uncertainties from now on in the paper will be reported at 1σ level. The full width at half maximum (FWHM) has been chosen as a measure of the peak width and it has been computed as [image: equation] for the Gaussian and as FWHMLor = 2γ for the Lorentzian. Henceforth, the notation ‘log’ refers to the natural logarithm.
Table 1. 
Best-fit results for the P2 mean position and width (FWHM) for the symmetric Gaussian and Lorentzian profiles.

We found, for both models, that the position of the second peak of Geminga does not significantly change in the two studied energy bins. The value is compatible with that reported in Ceribella (2021) within the statistical errors, but slightly differs from the best-fit values of Abdo et al. (2010). The same conclusions can be drawn for the peak width results.
The results obtained for the Gaussian and Lorentzian models are consistent with each other. To assess the goodness of fit of both models, we reported the associated p-value. We also computed the Akaike information criterion (Akaike 1974) defined as [image: equation], where k and ℒ represent the number of model parameters and the maximum likelihood of the model. The AIC can be used to compare the results of two non-nested models and determine if one of the two is preferred. In general, lower coefficient values indicate a better agreement between the fit and the data. For the LST-1 sample, the Gaussian profile shows slightly lower values of the AIC. We computed the difference Δ(AIC) for both the full band and the energy bins, obtaining Δ(AIC) = (9.6, 2.2, 9.2) for the broad-band, the first and second bin, respectively.
As an additional cross-check, we fitted the phaseograms obtained with the Fermi-LAT sample described in Sect. 2.2 for energies above 15 GeV (considered as the ‘broad-band’ Fermi sample) and in the same energy bins as for the LST-1 analysis, i.e. [15, 31] GeV and [31, 65] GeV. The results obtained, shown in Table 1, are consistent with the LST-1 ones within the statistical uncertainties for both the Gaussian and the Lorentzian profiles. The fit in the second energy bin did not converge well, probably due to the low statistics of the Fermi-LAT sample above 30 GeV, and for this reason we did not report the results. Also in this case, there is no significant preference between Gaussian and Lorentzian profiles, since both the p-values and the AIC in both the broad-band and the [15, 31] GeV fits are similar.
3.3. Spectral energy distribution of P2
In order to obtain the SED of the second peak, we performed a forward folding fit using Gammapy in the energy range [20, 95] GeV, considering five bins per decade, using a power law (PL) model:
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where f0 represents the flux normalisation, Γ is the spectral index, and E0 is the reference energy.
The choice for the lower edge of the fitting range is connected to the estimated energy threshold of the analysis. We chose the upper edge of our energy binning closest to 100 GeV to assess the possibility of obtaining a spectral point at energies above 65 GeV. For more details, refer to Sect. 3.3.1. We set the reference energy to E0 = 14.3 GeV, the decorrelation energy computed with Gammapy, to have the lowest correlation between the parameters as well as the lowest statistical error on the flux normalisation.
The fit results with the power law model on P2 are reported in Table 2, together with their statistical uncertainties. The spectrum observed by the LST-1 is slightly harder that of MAGIC Collaboration (2020), but the two spectral indices are compatible if the systematic uncertainties are considered (see Sect. 4).
Table 2. 
Best-fit results of the spectral fitting of P2 with a power law model.

The flux points were calculated assuming the power law model fitted to the data, fixing the index and leaving free the normalisation in each bin, a procedure similar to the one explained in Sect. 2.2. Both the LST-1 best-fit model and the flux points are depicted in Fig. 4, and the latter are also reported in Table 3. The signal from P2 is detected up to ∼65 GeV, in the last energy bin we computed an upper limit. This is compatible with what has been found when studying the phaseogram (see Sect. 3.1).
Table 3. 
Flux points of the P2 SED obtained assuming the best-fit PL model of Table 2.

3.3.1. Energy threshold of the analysis and spectral binning
To evaluate the analysis threshold we fitted with a Landau profile the energy distribution of the MCs employed in the data reduction process, in order to extract the position of the peak energy. The MCs are simulated with PL spectrum with index Γ = 2, so we weighted the distribution for the spectral index of Geminga (Γ = 4.5). The energy threshold for the lowest-zenith MC determines the energy threshold of the analysis and it was found to be ∼10 GeV in true energy. This value is lower than the one reported in Abe & Abe (2024) for the Crab pulsar study, due to the softness of the Geminga spectrum when compared to the Crab, and comparable with the performance of MAGIC’s Sum-Trigger-II shown in MAGIC Collaboration (2020). However, due to Geminga’s spectrum being very steep, the bias, i.e. the mean difference between the reconstructed and the true energy, is considerably high around the threshold. Indeed, when producing the one-dimensional histogram of the MC distribution as a function of the reconstructed energy instead of the true energy, we found the peak was located around 20 GeV. This implies the energy threshold of 10 GeV in true energy corresponds to ∼20 GeV in reconstructed energy.
To better visualise the results, we produced the two-dimensional weighted histogram of the reconstructed energy versus the true energy, projected onto the true energy axis. This is the same as producing the one-dimensional weighted histogram of the MCs. The 2-D histogram, nevertheless, allows us to understand from which true energy the reconstructed events come from. We normalised the histogram to have a rate on the z-axis and plotted it for the two reconstructed energy bins used in the morphological study, i.e. [15, 31] and [31, 65] GeV. Figure 3 depicts the results. The Monte Carlo data chosen for Fig. 3 were simulated at Zd = 10°, the lowest zenith for the MC production, in order to obtain the plots for the lowest energy threshold possible.
	[image: thumbnail]	Fig. 3. Two-dimensional weighted (considering Geminga’s spectral index Γ = 4.5) histogram of the reconstructed energy versus the true energy, projected onto the true energy axis for the two reconstructed energy bins used for the morphological study of P2, [15, 31] GeV (left) and [31, 65] GeV (right). The Monte Carlo data used for the plots were produced at Zd = 10°. The dashed line represents the equivalence between the true energy Etrue and the reconstructed energy Ereco. The z-axis is in units of rate, i.e. events per second.



For the energy binning of the SpectrumDataset Gammapy object representing the spectrum, we defined the true energy axis Etrue with 100 logarithmically spaced bins between 3 GeV and 50 TeV and the reconstructed energy axis Ereco with 40 logarithmically spaced bins between 10 GeV and 10 TeV. The range for the spectral fit was defined in Ereco, due to the requirements of Gammapy, and it was chosen as a subset of the correspondent axis. We chose to start the subset from the edge closest to 20 GeV and end it at the edge closest to 100 GeV. This roughly corresponds to ∼10–100 GeV in true energy. For the flux point calculation, we set the first edge of the energy binning at Ereco ≃ 17 GeV to ensure the first flux point is around 20 GeV.
3.4. Joint Fermi-LAT and LST-1 SED of P2
To characterise the gamma-ray emission in a larger energy range we included in the fit the Fermi-LAT flux points computed with the sample described in Sect. 2.2. This is needed, in particular, to determine if a spectral cut-off exists and to verify if the emission at different energies is generated via the same mechanisms.
We performed a joint fit of LST-1 and Fermi-LAT data between 100 MeV and 100 GeV testing two spectral models. The first was a power law with an exponential cut-off (PLEC), and the second was a power law with a sub-exponential cut-off (PLSEC). The same mathematical law describes both models:
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where β = 1 in the case of PLEC, while β < 1 for the PLSEC. E0 is the reference energy and Ec is the cut-off energy. We also report the formulation of the equation used in Gammapy, which uses the reciprocal of the cut-off energy λ = 1/Ec.
The results of the joint fit are described in Table 4 and the plot is shown in Fig. 4, along with the MAGIC Collaboration (2020) points for comparison. The value of the β coefficient for the PLSEC model is compatible with that obtained by MAGIC Collaboration (2020) considering the statistical uncertainties.
Table 4. 
Best-fit results for the joint fit of Fermi-LAT and LST-1 data, for both tested models.

Since the PLSEC and PLEC are nested models, Wilks theorem (Wilks 1962) allows us to use of the likelihood ratio test to determine which is preferred. The PLEC model was found to be disfavoured with −2Δlogℒ = 323. Considering a chi-square distribution with one degree of freedom, it corresponds to a rejection level of TS ≃ 18σ. This is in agreement with the findings already presented in the second pulsar catalogue (2PC) of Fermi-LAT (Abdo et al. 2013) and later confirmed in the 3PC (Smith et al. 2023), which found a preference in pulsar spectra for a softer sub-exponential cut-off rather than the classical exponential. This is also compatible with what has been found by MAGIC Collaboration (2020). However, it is clear from the plot that the PLSEC still does not match well with the LST-1 flux points, even though it is preferred over the PLEC. To better investigate the preference for a non-curved model over a curved one, we performed a test to assess the presence of curvature (see Sect. 3.5).
3.5. Testing for curvature in the spectrum
We used the Fermi-LAT flux points to verify the presence of a possible curvature in the spectrum at energies above 10 GeV. To do so, we fitted the LST-1 and Fermi points using a power law and a log parabola, the latter described by the following parametrisation:
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where the parameter b represents the curvature index, and it is equal to zero for a non-curved model (i.e. a simple power law). We fitted both models to the joint dataset imposing a minimum energy of the Fermi-LAT points of 10, 15 and 20 GeV. We also performed this test on the LST-1-only sample, using 20 and 25 GeV as minimum energies for the fit.
When considering the joint Fermi-LAT and LST-1 sample, a log parabola with concave (negative) curvature (i.e. positive b) is strongly favoured over the power law when setting a minimum energy of 10 GeV and 15 GeV, with ΔTS = 10σ for the former and ΔTS = 8.9σ for the latter. In both cases, the best-fit curvature parameter is b = 3.3 ± 0.6. The preference for a curved log parabola model decreases to a 4.6σ level for Emin = 20 GeV, for which b = 1.95 ± 0.99 is derived. We also tested Emin = 25 GeV and obtained again a slight preference for the log parabola at 2.6σ level, with best-fit curvature parameter b = 0.9 ± 0.3, almost consistent with zero. The overall preference for a curved log parabola model is probably related to the larger number of Fermi-LAT points when compared to those of LST-1, especially in the range 10–20 GeV that is not covered by the latter instrument. This preference tends to decrease as Emin increases.
For the Fermi-LAT only sample, instead, we obtained a 3.5σ preference for the log parabola and a best fit b = 1.0 ± 0.3 when setting Emin = 10 GeV, and only a 1σ preference for a log parabola with b always consistent with zero in the case of Emin = 15, 20 GeV. No curvature seems to be detected at higher energies and it is likely due to the low statistics of the sample in the correspondent energy range.
Similarly it happens in the case of the LST-1 only sample, for which the results obtained fitting a log parabola for both minimum energies return a value of b which is consistent with zero and a −2Δlogℒ ≪ 1 when compared to the power law. This implies no statistical preference between the two models and no curvature is detected in the LST-1 sample. However, a non-detection does not necessarily mean the curvature is absent for a wider energy range. With the current LST-1 sample, we cannot discard either possibility, but it may be possible to understand more about it by collecting more data to lower the statistical uncertainty and extending it to higher energies.
4. Evaluation of the systematic effects
The best-fit result for the PL fitting of the P2 spectrum we found was slightly harder than the spectrum reported by MAGIC Collaboration (2020). To assess the compatibility of MAGIC’s results with ours, we examined the contribution of the systematic effects in the analysis of the LST-1-only sample. Different factors can contribute to the systematic uncertainties, with a more or less significant impact on the final result, and we investigated the most relevant ones. This is the first time such a detailed study of the systematics is performed for LST-1 analysis.
4.1. Different MC efficiency
The first factor we studied was the setting of different energy-dependent selection efficiencies of the MC for both alpha and gammaness. The value of 70% is usually chosen as the standard because it is a good compromise between having a large number of events classified as gamma-originated and a reliable gamma-hadron separation. To test whether and how the choice of efficiency impacts the final results, we computed the spectral parameters in a grid of alpha efficiencies of 70% and 90% and gammaness efficiencies of 40%, 70%, and 90%.
We found that both the spectral index and the flux normalisation change within 5% of the reference value, with a maximum positive absolute variation of Γ of +0.13 and a maximum negative absolute variation of −0.02. We can conclude that this effect is subdominant to the statistical uncertainties.
4.2. Mismatches in the reconstruction
Another important systematic effect that must be taken into account is related to the mismatches between the MC and the observed data, which lead to a wrong reconstruction of the events. One of the most common ones is the energy scale mismatch considered here. Non-ideal conditions during the observations, such as dirty mirrors or lower atmospheric transparency, affect the total amount of recorded light by the system, introducing a bias in the reconstruction, in particular, of the energy. The proper way to simulate this effect would be to have dedicated MC productions in which an energy bias is introduced. Still, this method is time-consuming and requires significant resources. Defining the energy scaling as ε, we can say that, for small values of ε, the effect of the energy bias can be approximately reproduced by shifting the migration matrix along the true energy axis.
We considered ε = ±15%, which is the typical value used for the studies of energy scale systematics for IACTs (Aleksic et al. 2016). We produced the scaled IRFs in the two cases and derived the spectrum again. We found that the spectral index is not significantly affected by the energy scaling, while the flux normalisation changes even up to ∼55% as a consequence of the shift of the spectrum in the energy axis. In detail, the absolute positive variation of Γ is +0.04 and the negative is −0.08. The overall effect is a rigid shift of the PL to the right or the left depending on the scaling.
The same type of systematic uncertainty has been considered in MAGIC Collaboration (2020), for which they reported a ∼1% contribution for the spectral index, corresponding to an absolute variation of ∼0.06. If we only consider this effect, the results of LST-1 are still not consistent with MAGIC’s.
4.3. Different Zd cut of the sample
The choice of the zenith angle cut of the data impacts the overall energies of the events: the larger the applied zenith cut, the higher the energy threshold of the data sample will be. We performed the analysis using a zenith cut of Zd < 50° to have the largest possible sample, but ∼90% of the observation time (∼54 hours out of 60) data were taken at Zd < 25°, assuring the lowest possible energy threshold for the sample. In Table 5, the observational hours for each of the Zd cuts are shown.
Table 5. 
Total observation time of the LST-1 sample for the different maximum zenith distance (Zd) cuts applied for the analysis of the systematic effects.

We obtained the spectrum for different values of the zenith cut of the sample and estimated how much the choice of Zd influences Γ and f0. The most significant variation is obtained when setting Zd < 20°. In this case, we obtain an absolute negative variation in the index of −0.5 and a relative positive variation in the normalisation of +12%. The other variations obtained with this test are much smaller.
4.4. Different intensity cut of the sample
The last investigated systematic effect is related to the choice of the intensity cut applied to both simulated and observed data. This cut is usually applied to guarantee an overall good match between simulations and observations, and the standard value adopted for LST-1 analysis is an image intensity above 50 p.e. as shown in CTAO-LST Project (2023). We tried a series of different cut values, from a minimum intensity of 20 p.e. to a maximum of 70 p.e., and computed the spectral results in each case.
In this case, the positive and negative absolute variations of the spectral index are +0.2 and −0.3, respectively. The uncertainties are around 20% for the normalisation.
4.5. Total contribution
To compute the total contribution of the systematic uncertainties on the spectral index, we assumed the correlation between all the examined effects to be low. In this way, we could sum in quadrature all the maximum positive and negative variations to obtain the total positive and negative uncertainty. We derived a final result for the spectral index of
[image: thumbnail]
This result is compatible with the one reported by MAGIC Collaboration (2020), considering the statistical uncertainty of the MAGIC result. This is the first time another facility has cross-checked the MAGIC Collaboration’s result and it confirms again the potential of the LSTs.
The systematic uncertainties on the normalisation are much larger, [image: equation] cm−2 s−1 TeV−1 and [image: equation] cm−2 s−1 TeV−1. This is expected since the spectrum of Geminga is very steep and small fluctuations of the spectral index can induce large variations of the normalisation. The total systematic uncertainty band, considering both the uncertainty on the index and normalisation, is depicted in Fig. 4 and in Fig. 5 as the dash-dotted area.
	[image: thumbnail]	Fig. 4. Joint LST-1 (squares) and Fermi-LAT (circles) data samples of P2, along with the best-fit results of both the power law with an exponential cut-off (PLEC, dotted line) and the power law with sub-exponential cut-off (PLSEC, dashed line). The power law fit of the LST-1 only points (orange squares) is shown together with its statistical 1σ uncertainty band (solid line and shaded area) and the systematics uncertainty band (dash-dotted area), considering both the systematics on the index and the flux normalisation. The MAGIC Collaboration (2020) points are depicted as triangles for comparison. The horizontal error bars represent the width of the energy bins.



	[image: thumbnail]	Fig. 5. Adaptation of Fig. 10 of Harding et al. (2021) showing the two models derived in the paper for the SC emission of Geminga, together with the LST-1 P2 SED obtained in this work (same as Fig. 4). The Fermi-LAT and MAGIC points from the analysis presented in this work and MAGIC Collaboration (2020), respectively, are also reported for comparison. Note that the Fermi-LAT points represent the phase-averaged flux, i.e. they take into account the emission from both P1 and P2.



5. Discussion and conclusions
In this paper, we report the detection of the Geminga pulsar by the LST-1 of CTAO. The signal from the second peak of the phaseogram, P2, is detected with a significance of 12σ, achieved with 60 hours of good-quality data. The first peak, P1, remains undetected, even though a 2.6σ excess has been observed. We also observed an excess of 1.8σ for the first inter-peak (Bridge) region.
The detection of P1 with the LST-1 alone is still challenging. Considering the evolution of the significance with time we derived in Sect. 3.1, more than 200 hours would be needed to achieve a 5σ detection. However, with the deployment of the full array of four LSTs at CTAO-North, it will be possible to reduce this time and detect P1, and possibly the Bridge, in the near future. Using the latest Prod5 IRFs of CTAO (Cherenkov Telescope Array Observatory & Cherenkov Telescope Array Consortium 2021) and an extrapolated power law spectrum from the Fermi-LAT data above 5 GeV, we estimated around 30 hours will be needed for a 5σ detection of the first peak with the full array of LSTs.
We performed a morphological study of the second peak by testing two models, the symmetric Gaussian and the symmetric Lorentzian. We found compatible peak mean positions and FWHMs between the two profiles and no energy-dependent evolution in the two logarithmically spaced energy bins considered, [15, 31] GeV and [31, 65] GeV. The Gaussian model, in general, returns better goodness-of-fit values, highlighting a slight preference for this profile. More tests on the pulse morphology will be carried out after new observations, possibly extending the study to P1 and the Bridge, to further investigate the geometry of the peaks.
We then extracted the SED of P2 in the [20, 95] GeV range, obtaining four flux points and an upper limit in the last energy bin. As also observed with the study of the phaseogram, the signal from P2 is reconstructed up to 65 GeV. The best-fit result yielded a power law with spectral index Γ = (4.5 ± 0.4stat)−0.6sys+0.2sys, compatible with the previous result of MAGIC Collaboration (2020), and a normalisation at 14.3 GeV of f0 = (9.99 ± 0.75stat)−5sys+6sys ⋅ 10−8 cm−2 s−1 TeV−1. For the first time, a result on a pulsar other than the Crab is being cross-checked and confirmed by two different IACTs. This is important in the field of pulsars detected by IACTs, since only a few sources have been detected and it is not straightforward to perform cross-checks between different instruments.
We also analysed 16.6 years of Fermi-LAT data to perform a joint fit with the LST-1 sample and extend the Geminga spectrum down to 100 MeV. Two models, a power law with exponential or sub-exponential cut-off, were tested and we found that the exponential cut-off model can be rejected at an 18σ level, in line with previous findings by Fermi-LAT and MAGIC. However, even if the power law with sub-exponential cut-off returns a better fit, it does not correctly describe the spectrum obtained with LST-1.
For this reason, using the Fermi flux points, we tested for the presence of curvature in the high-energy end of the spectrum. We performed a likelihood ratio test between a power law and a log parabola spectral model using different minimum energies for the Fermi-LAT data, and we repeated the test on the LST-1-only sample. For the latter, no curvature is detected, probably due to the limited statistics and sampled energy range. When considering the joint dataset, the log parabola is found to be statistically favoured over the power law. However, the preference tends to decrease as the minimum energy set as the starting point of the fit increases. Nevertheless, the fit results may be affected by the absence of LST-1 flux points below 20 GeV or by the low statistics of both samples at the highest energies.
After the early measurements by Fermi-LAT, theories based on the outer gap (OG) concept were favoured (Cheng et al. 1986; Romani 1996). To explain the gamma-ray emission from pulsars, these theories assumed that particles were accelerated to relativistic velocities inside charge-depleted regions high up in the magnetosphere. However, in addition to the uncertainties and approximations used by these models (see Viganò et al. (2015a) for a discussion), particle-in-cell (PIC) and force-free electrodynamics simulations signalled that instead of gaps, the most likely location of the acceleration of the gamma-ray-emitting particles is the so-called Y-point, a localised region at or beyond the light cylinder, see Cerutti (2019) and references therein for details. Also, particularly after the second Fermi-LAT pulsar catalogue (Abdo et al. 2013), it was clear that the variety of the Fermi-LAT spectra, even without considering VHE tails, was already beyond what curvature-only models can describe. Viganò et al. (2015b) proposed a synchro-curvature (SC) approach to tackle this this variety of spectra. This was used to provide fits of the spectra of gamma and X-ray pulsars (Torres 2018), and when coupled to light curves predictions, to describe their global properties as well (Íñiguez-Pascual et al. 2024). Harding et al. (2021), Kalapotharakos et al. (2018), Brambilla et al. (2018) and Cerutti et al. (2025), among a few others, introduced PIC-motivated models. In all these cases, though, the broad-band emission, particularly beyond tera-electronvolt energies, seems to require Compton components.
Harding et al. (2021) proposed to describe the optical to X-ray emission with synchrotron radiation, SC (as used above) up to ∼100 GeV and inverse Compton scattering (ICS) above tera-electronvolt energies. They also include a synchrotron-self-Compton (SSC) component, but, except for the Crab pulsar, the SC emission completely outshines it. The ICS component at tera-electronvolt energies, instead, could in principle be detected. The Harding et al. (2021) model comprises several parameters, such as the inclination angle α between the rotational axis and the magnetic field, the viewing angle ζ between the pulsar and the observer, and the low and high values of the accelerated electric field, the latter expressed through the parameters [image: equation] and [image: equation]. The values of these parameters are adjusted to match the observations, in particular [image: equation] and [image: equation] are chosen to reproduce the hard X-rays to giga-electronvolt data and ζ is fixed to the value that best matches the Fermi-LAT and VHE data. After setting the values of those parameters, the ICS and the total SED are computed.
For the specific case of Geminga, the SED model was obtained for α = 75°, ζ = 55° and for two different sets of values for the low and high accelerating electric field, the first one with [image: equation] and [image: equation] and the second with [image: equation]. As one can see from Fig. 10 of Harding et al. (2021), the dominant component of the high-energy emission of Geminga is that of SC radiation. Moreover, the predicted ICS is too faint to be detected, even considering CTAO-North’s sensitivity. This is caused by the larger radius of the light cylinder due to the lower rotational speed of Geminga when compared to the younger pulsars (i.e. Vela, Crab) considered in Harding et al. (2021), which implies a larger distance between the current sheet and the neutron star producing the X-ray photon seeds for the ICS. In this context, the spectrum observed both by MAGIC and LST-1 is a continuous tail-like extension of the Fermi-LAT one and is interpreted as curvature radiation emission, without the need for additional components. We depicted in Fig. 5 the LST-1 SED together with the SC component of Geminga predicted by this model for the two cases of [image: equation], [image: equation] considered in the reference, as explained above. The model describes the emission of both peaks together, so we included in the same Figure the Fermi-LAT flux points of the phase-averaged analysis. In the case of MAGIC and LST-1, instead, we considered the flux points of P2 only, since the emission above 15 GeV is fully dominated by the second peak. The Harding et al. (2021) model also predicts the absence of signal from P1 above 20 GeV, which is compatible with what has been found in this work. All taken into account, this model could explain some phenomenology of the Geminga emission from the Fermi-LAT to the LST-1 energy range, even though the match with the LST-1 SED and the higher energy flux points of Fermi-LAT could be improved. With the present sample, it is not possible to completely rule out this or other theoretical interpretations and many open questions remain. Further studies, possibly with more LSTs, are necessary to validate or reject the model.
Overall, we can conclude that the results obtained on the Geminga pulsar prove the LST-1 to be an excellent telescope for pulsar observations at the upper end of their spectra, also considering its partial overlap with the Fermi-LAT energy range. With this study, we were able to prove that the threshold of the telescope for sources with very steep spectra can be as low as 10 GeV, even though a large bias is observed at energies below 20 GeV. This issue will be reduced when at least another LST becomes operational because the use of a stereoscopic system improves the reconstruction of the events. With the full array of LSTs, the sensitivity will be improved and more tests could be performed, such as investigating the behaviour of P1 and of the bridge as a function of energy, as well as a better determination of the P2 spectrum to verify the validity of the theoretical models.


1 Note that a fourth pulsar, PSR B1706-44, was reported with a 4.7σ significance by the H.E.S.S. Collaboration (Spir-Jacob et al. 2019).


2 https://www.mpp.mpg.de/~ceribell/geminga/index.php
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	[image: thumbnail]	Fig. 1. Phaseogram of the LST-1 observations of the Geminga shown over two rotational periods, with no cut in energy. The different phase regions (P1, P2, Bridge and background, or OFF) are highlighted in the plot. The average level of the background counts is reported as the horizontal dashed line. We also show the Li&Ma significance of both peaks and the inter-peak region and the total observation time.
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	[image: thumbnail]	Fig. 2. Phaseogram of Geminga obtained from the analysis of 16.6 years of Fermi-LAT data using a circular extraction region with a 3° radius for four different energy ranges, indicated on top of each plot, and using the same colour code for the phase regions as Fig. 1.
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	[image: thumbnail]	Fig. 3. Two-dimensional weighted (considering Geminga’s spectral index Γ = 4.5) histogram of the reconstructed energy versus the true energy, projected onto the true energy axis for the two reconstructed energy bins used for the morphological study of P2, [15, 31] GeV (left) and [31, 65] GeV (right). The Monte Carlo data used for the plots were produced at Zd = 10°. The dashed line represents the equivalence between the true energy Etrue and the reconstructed energy Ereco. The z-axis is in units of rate, i.e. events per second.
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	[image: thumbnail]	Fig. 4. Joint LST-1 (squares) and Fermi-LAT (circles) data samples of P2, along with the best-fit results of both the power law with an exponential cut-off (PLEC, dotted line) and the power law with sub-exponential cut-off (PLSEC, dashed line). The power law fit of the LST-1 only points (orange squares) is shown together with its statistical 1σ uncertainty band (solid line and shaded area) and the systematics uncertainty band (dash-dotted area), considering both the systematics on the index and the flux normalisation. The MAGIC Collaboration (2020) points are depicted as triangles for comparison. The horizontal error bars represent the width of the energy bins.
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	[image: thumbnail]	Fig. 5. Adaptation of Fig. 10 of Harding et al. (2021) showing the two models derived in the paper for the SC emission of Geminga, together with the LST-1 P2 SED obtained in this work (same as Fig. 4). The Fermi-LAT and MAGIC points from the analysis presented in this work and MAGIC Collaboration (2020), respectively, are also reported for comparison. Note that the Fermi-LAT points represent the phase-averaged flux, i.e. they take into account the emission from both P1 and P2.
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        Phaseogram of the LST-1 observations of the Geminga shown over two rotational periods, with no cut in energy. The different phase regions (P1, P2, Bridge and background, or OFF) are highlighted in the plot. The average level of the background counts is reported as the horizontal dashed line. We also show the Li&Ma significance of both peaks and the inter-peak region and the total observation time.

      

    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Phaseogram of Geminga obtained from the analysis of 16.6 years of Fermi-LAT data using a circular extraction region with a 3° radius for four different energy ranges, indicated on top of each plot, and using the same colour code for the phase regions as Fig. 1.

      

    

  
    
      Table 1. 

      Best-fit results for the P2 mean position and width (FWHM) for the symmetric Gaussian and Lorentzian profiles.

      
        


	Instrument
	
	Gaussian
	Lorentzian





	
	Energy (GeV)
	μ
	FWHM
	p-value
	AIC
	x0
	FWHM
	p-value
	AIC



	




	CTAO LST-1
	[15, 31]
	0.595 ± 0.002
	0.051 ± 0.004
	0.91
	51.3
	0.597 ± 0.002
	0.043 ± 0.005
	0.62
	60.9



	
	[31, 65]
	0.597 ± 0.004
	0.05 ± 0.01
	0.74
	57.0
	0.597 ± 0.004
	0.04 ± 0.01
	0.66
	59.1



	
	Full band
	0.596 ± 0.002
	0.050 ± 0.005
	0.60
	61.3
	0.597 ± 0.002
	0.041 ± 0.006
	0.28
	70.5



	




	Fermi-LAT
	[15, 31]
	0.594 ± 0.001
	0.053 ± 0.003
	0.74
	197.9
	0.594 ± 0.001
	0.050 ± 0.004
	0.36
	201.7



	
	> 15
	0.595 ± 0.001
	0.047 ± 0.003
	0.67
	224.5
	0.595 ± 0.001
	0.045 ± 0.008
	0.69
	222.7



	




	MAGIC (Ceribella 2021)
	[25, 100]
	0.597 ± 0.005
	0.061 ± 0.012
	–
	–
	–
	–
	–
	–





      

      
Notes. We show the results for both LST-1 and Fermi-LAT, in the two energy bins and the full band, with the associated statistical uncertainties and the correspondent AIC and p-value. As a comparison, the MAGIC results from Ceribella (2021) are also included in the table. The results for the [31, 65] GeV fit of the Fermi-LAT sample are not reported since the fit did not converge well.



    

  
    
      Table 2. 

      Best-fit results of the spectral fitting of P2 with a power law model.

      
        


	Parameter
	Value





	Γ
	4.5 ± 0.4



	f0
	(9.99 ± 0.75)⋅10−8 cm−2 s−1 TeV−1





      

      
Notes. Each parameter is shown with its statistical uncertainty. The reference energy is fixed to E0 = 14.3 GeV.



    

  
    
      Table 3. 

      Flux points of the P2 SED obtained assuming the best-fit PL model of Table 2.

      
        


	Eref (GeV)
	Emin (GeV)
	Emax (GeV)
	Flux (TeV ⋅ cm−2 ⋅ s−1)





	20
	17
	24
	(9.2 ± 1.1) ⋅ 10−12



	28
	24
	33
	(3.5 ± 0.4) ⋅ 10−12



	40
	33
	47
	(1.6 ± 0.4) ⋅ 10−12



	56
	47
	67
	(1.2 ± 0.4) ⋅ 10−12





      

      
Notes. The upper limit on the last energy bin is not shown.



    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Two-dimensional weighted (considering Geminga’s spectral index Γ = 4.5) histogram of the reconstructed energy versus the true energy, projected onto the true energy axis for the two reconstructed energy bins used for the morphological study of P2, [15, 31] GeV (left) and [31, 65] GeV (right). The Monte Carlo data used for the plots were produced at Zd = 10°. The dashed line represents the equivalence between the true energy Etrue and the reconstructed energy Ereco. The z-axis is in units of rate, i.e. events per second.

      

    

  
    
      Table 4. 

      Best-fit results for the joint fit of Fermi-LAT and LST-1 data, for both tested models.

      
        


	Model
	f0 (TeV−1 cm−2 s−1)
	E0 (GeV)
	Γ
	λ (GeV−1)
	Ec (GeV)
	β
	−2logℒ





	PLEC
	(3.610 ± 0.002) ⋅ 10−4
	1.00
	1.079 ± 0.005
	0.346 ± 0.003
	2.890 ± 0.003
	1
	430.3



	PLSEC
	(6.1 ± 0.3) ⋅ 10−4
	1.00
	0.85 ± 0.02
	0.76 ± 0.05
	1.32 ± 0.05
	0.73 ± 0.02
	107.3





      

      
Notes. The critical energy Ec is computed from its reciprocal λ estimated with Gammapy.



    

  
    
      Table 5. 

      Total observation time of the LST-1 sample for the different maximum zenith distance (Zd) cuts applied for the analysis of the systematic effects.

      
        





	Max Zd (deg)
	Total time (h)
	Max Zd (deg)
	Total time (h)





	 50
	60.1
	25
	54.1



	40
	59.5
	20
	42.8



	35
	58.7
	15
	26.8



	30
	56.6
	
	





      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        Joint LST-1 (squares) and Fermi-LAT (circles) data samples of P2, along with the best-fit results of both the power law with an exponential cut-off (PLEC, dotted line) and the power law with sub-exponential cut-off (PLSEC, dashed line). The power law fit of the LST-1 only points (orange squares) is shown together with its statistical 1σ uncertainty band (solid line and shaded area) and the systematics uncertainty band (dash-dotted area), considering both the systematics on the index and the flux normalisation. The MAGIC Collaboration (2020) points are depicted as triangles for comparison. The horizontal error bars represent the width of the energy bins.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Adaptation of Fig. 10 of Harding et al. (2021) showing the two models derived in the paper for the SC emission of Geminga, together with the LST-1 P2 SED obtained in this work (same as Fig. 4). The Fermi-LAT and MAGIC points from the analysis presented in this work and MAGIC Collaboration (2020), respectively, are also reported for comparison. Note that the Fermi-LAT points represent the phase-averaged flux, i.e. they take into account the emission from both P1 and P2.
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