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Gamma-ray observations have established energetic isolated pulsars as
outstanding particle accelerators and antimatter factories. However, many
questions are still open regarding the acceleration and radiation processes
involved, as well as the locations where they occur. The radiation spectra of
allgamma-ray pulsars observed to date show strong cutoffs or abreak above
energies of a few gigaelectronvolts. Using the High Energy Stereoscopic
System’s Cherenkov telescopes, we discovered aradiation component from
the Vela pulsar which emerges beyond this generic cutoff and extends up to
energies of atleast 20 teraelectronvolts. Thisis an order of magnitude larger

thaninthe case of the Crab pulsar, the only other pulsar detected in the
teraelectronvolt energy range. Our results challenge the state-of-the-art
models for the high-energy emission of pulsars. Furthermore, they pave
the way for investigating other pulsars through their multiteraelectronvolt
emission, thereby imposing additional constraints on the acceleration and
emission processes in their extreme energy limit.

Pulsars, the progeny of supernovaexplosions, are rapidly spinning and
strongly magnetized neutron stars that emit beams of electromagnetic
radiation modulated at the stellar rotational period. Their radiation
spans a broad spectrum, ranging from radio waves to gamma rays.
Over 3,000 of the radio-emitting pulsars are known’, and the number
ofthose detectedin the high-energy (HE) gamma-ray range, spanning
from 100 megaelectronvolts (MeV) to 100 gigaelectronvolts (GeV),
exceeds 270 pulsars’. The gamma rays are widely believed to be emit-
ted by electrons (the term as used herein also including positrons)
accelerated to teraelectronvolt (TeV) energies at the expense of the
neutron star’s rotational energy, but there is no consensus yet as to
the origin of the observed pulsed signals.

Gamma rays in the HE range have proven to be essential probes
of pulsar magnetospheres. Indeed, measurements of the spectra of
bright gamma-ray pulsars by space-borne telescopes (the Energetic
Gamma Ray Experiment Telescope®* and the Fermi-Large Area Tel-
escope (Fermi-LAT)?) have established strong, exponential cutoffs at
energies beyond a few GeV. The cutoffs are not as abrupt as expected
in magnetic photon absorption or photon-splitting scenarios near
thesstellar poles, thus ruling out those regions as possible production
sites for GeV photons”. Very-high-energy (VHE) gamma rays (those
with energies greater than 100 GeV) are invaluable tools for testing

acceleration and emission processes at their extreme energy limits.
They are out of reach for space-borne instruments, but are accessi-
ble to ground-based telescopes. In previous searches within the VHE
domain, only one pulsar has been detected, that associated with the
Crab nebula® ' and of which the highest energy pulsations attain ener-
giesapproaching1 TeV. For all other surveyed pulsars, stringent upper
limits on their VHE fluxes have been obtained™*.

Wereport here onthe detection of the Vela pulsar (hereafter, Vela),
PSR B0833-45, in the multi-TeV energy range, with the High Energy
Stereoscopic System (H.E.S.S.) array of five imaging atmospheric Cher-
enkov telescopes (CT1-5). H.E.S.S. is situated in the Khomas Highland
of Namibia and operates in the energy range of tens of GeV to tens of
TeV.Velawasamongthe very first pulsars discovered at radio frequen-
cies®”, the second one detected in >30 MeV gamma rays', and stands
outasbeing by far the brightest pulsar in these two domains. Located
nearby, at a distance of 287 pc (ref. 15), it is a young pulsar with a spin
period of 89 ms and a characteristic age of 11 kyr. In the GeV range,
its rotation phase-folded gamma-ray light curve exhibits two peaks,
labelled P1and P2, separated by 0.43 in phase and connected by abridge
emission containingathird peak labelled P3 (refs. 6,16). Recently, using
thelargest H.E.S.S. telescope, CT5, with its 28-m equivalent diameter
providing arelatively low-energy detection threshold, we detected

*A list of authors and their affiliations appears at the end of the paper.
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Table 1] Significance levels obtained for different
periodicity tests: the C-test, the H-test and a maximum
LR test

Threshold energy C-test H-test LR

(TeV) o o o Excess
0.5 3.7(4.3) 2.7(3.4) 3.8(4.4) 232

1 4.3(4.8) 21(3.0) 3.8(4.4) 19.7

3 4.9(5.4) 3.9(4.5) 47(5.2) 18.2

7 5.6 (6.0) 45 (5.0) 4.8(5.3) 14.0

5 5.8 47 5.0 14.3
20 4.6 31 4.3 6.7

The parameters for the C-test (¢s" = 0.565 and w=0.025 (FWHM)) and for the LR test

(On- and Off-phase intervals defined as [0.55-0.60] and [0.7-1.0], respectively) were derived
from the Fermi-LAT phasogram above 10GeV (ref. 16). The tests were applied on data selected
above increasing energy thresholds, four of which, 0.5, 1, 3 and 7TeV, were defined a priori to
search for pulsations. Their initial significance level (shown in parentheses) is corrected for
the number of trials, which has been conservatively estimated to be 12 (four energy
thresholds and three tests, see text). No trials apply to significance levels above 5 and 20 TeV
as they were derived after the source detection. The rightmost column reports the estimation
by the LR test of the number of events that were in excess of the background.

the P2 pulse of Vela in the 10 to 80 GeV energy range and showed that
there was compelling evidence that the bright GeV component has a
cutoffat energies well below 100 GeV (ref. 16).

Resultsreported here are based on observations above an energy
threshold of 260 GeV, performed with the 12-m-diameter CT1-4 tele-
scopes duringthe2004-2007 and 2014-2016 observing seasons. Given
thelack of a prioriknowledge of the source spectral hardness (whether
soft or hard, that is, whether dominated by events with energy below
~1TeVorabove, respectively), the search for pulsations was conducted
by applying periodicity tests on datasets selected using four predefined
and increasing energy thresholds of 0.5,1,3 and 7 TeV. Three types of
periodicity tests were used: the H-test", where no a priori knowledge of
thelight curve (the phasogram, aphase-folded distribution of events)
isassumed; the C-test'®, where the position and the approximate width
ofthe pulse shape are supposed to be known beforehand; and a maxi-
mum likelihood-ratio (LR) test'’ based on a priori defined On- and
Off-phase intervals. The P2 pulse of the Vela pulsar, dominating in
the tens of GeV energy range, was considered the prime candidate
for detection in the VHE range, and its parameters, as derived from
the Fermi-LAT phasogram above 10 GeV (ref. 16), were used as input
to the tests. Pulsed emission was detected at a statistical significance
exceeding 4o (similar to the significance threshold of 4.10 used for
detection of pulsations with the Fermi-LAT*°) for all the tests: above
energy thresholds of 1, 3 and 7 TeV with the C-test (4.3, 4.9 and 5.60,
respectively), 3 and 7 TeV with the LR test (4.7 and 4.80, respectively),
and above 7 TeV for the H-test (4.50). From this detection, we derived
the significance of the pulsations above two other energy thresholds, 5
and 20 TeV. Thessignal displaysits highest significance level above 5 TeV
andis clearly detected above 20 TeV, with, for example, C-test results
of5.8and 4.60, respectively (Table 1). The maximum energy of 20 TeV
isrobust when considering the uncertainties in energy estimation and
the systemic errors on the absolute energy scale of the H.E.S.S. array
(see Methods for details).

Figure 1 shows the phasogram of Vela obtained with H.E.S.S. and
the Fermi-LAT. The sole significant feature present in the multi-TeV
range liesata peak position, ¢[$" = 0.568 + 0.003, thatis statistically
compatible with that of the P2 pulse observed in the HE range
(¢3sY = 0.565 + 0.001). This pulsation also exhibits asimilar width (for
example, as measured by the full-width at half-maximum measure
(FWHM)) to that measured in the latter energy range. This, together
with the fact that P1 disappears above few tens of GeVs, is in line with
the energy evolution of the light curve at GeV energies (Methods).

Figure 2 shows the map of photons with energies above 5 TeVinthe
P2 pulse phaserange. The spatial distribution of photonsis centred on
Velaandits spreadis compatible with the H.E.S.S. point-spread function,
as expected for a point-like source. The spectral energy distribution
(SED) of the P2 pulse is shown in Fig. 3. It was measured by selecting
signal and background events in the phase ranges of [0.55-0.6] and
[0.7-1.0], respectively. The SED below 100 GeV has been adopted from
ref.16, where the signal phase range is defined as [0.5-0.6]. This differ-
ence does not impact the results discussed below (Supplementary
Section2.1). Thefitof a power-law function (dN(E)/dE = qSO(E/EO)_F"“ﬂ
in the 260 GeV to 28.5 TeV energy range resulted in a very hard
spectrum with photonindex Iy =1.4 + 0.3 + 0.1%*, and normaliza-
tion & = (1.74 £ 0.525¢ + 0.35%%) x 10~ erg”'cm™s™ at the refer-
ence energy E,=4.24 TeV, implying an isotropic luminosity
Lyorev =2 x10*° erg s™. Given the steeply falling HE spectrum (photon
index [y = 5.05 + 0.25°* (ref. 16)) and the non-detection upper limitsin
the 100 to 660 GeV range, the extremely hard VHE spectrum can only
be a distinct component.

The most likely process for producing gamma rays at multi-TeV
energies by energetic electrons, whatever the acceleration mecha-
nismand emission regions are, is inverse-Compton (IC) scattering of
low-energy photons (for example, refs. 21-24). Potential target pho-
ton fields in Vela may include the observed non-thermal X-rays®?,
thermal X-rays from the neutron star surface?, ultraviolet” or opti-
cal®®* to the near-infrared*® emission. For all these photons, IC scat-
tering would proceed in the Klein-Nishina regime. The optical to
near-infrared (O-NIR) radiation field, with its possible extension down
tothe far-infrared domain, constitutes the most plausible target? 2>,
In the Klein-Nishina regime, the maximum measured photon
energy FM3 > 20 TeV constrains the electron Lorentz factor to be
e 2 EM/m.c? > 4 x 107. The fact that P2 in Vela occurs at the same
phase position for boththe HE and VHE spectral components suggests
that these components are generated by the same population
of electrons, but through different radiation processes. In the follow-
ing, we discuss the implications of the H.E.S.S. discovery under
this hypothesis.

Several hypotheses have been proposed to describe the accelera-
tion of electrons to ultra-relativistic energies (see the illustrationin
Fig.4).Inafirstscenario, particles are accelerated along the magnetic
field lines in the pulsar magnetosphere by the (unscreened) electric
field E, thatis parallel to these local B-field lines, in charge-depleted
cavities (or gaps)**** within the light cylinder (LC). The latter is
defined as the radius at which the corotation speed equals that of
light in vacuum (R, = cP/21t ~ 4.3 x 10® cm for the Vela pulsar given
its period P =89.3 ms). More recent developments of this scheme
include also E, acceleration zones slightly beyond the LC, near the
equatorial current sheet (CS)***. In a second scenario, acceleration
takes place through magnetic reconnection in the CS of the striped
wind beyond the LC**™*2,

Inthefirstscenario, curvature radiation (CR) has been tradition-
ally posited to explain the emission observed in the GeV range**™*,
and synchro-curvature radiation, acombination of synchrotron radia-
tion (SR) and CR, to reproduce the MeV to GeV spectral shape®*¢, The
maximum Lorentz factor of the electrons is limited by the magnitude
of the accelerating electric field E, in the gap, or equivalently,
the magnetic conversion efficiency n=E/B, and by CR losses which
depend on the curvature radius p, of particle trajectories. This limit
canbeexpressedas yi* « pyz nY*(Supplementary Section2.2). The
magnitude of pdepends on the particular version of the acceleration
gaps (and may vary with altitude above the pulsar surface) with values
usually assumed to be below 10% at the LC***. Hence, to achieve the
maximum photon energy EF™ observed by H.E.S.S., large curvature
radii p. = 4 x10® cm = R are required when considering a mono-
energetic beam of particles. Assuming amore realistic particle distri-
bution following an exponentially cut off power law allows one to use

Nature Astronomy | Volume 7 | November 2023 | 1341-1350

1342


http://www.nature.com/natureastronomy

https://doi.org/10.1038/s41550-023-02052-3

H.E.S.S.
10
@ 8
c
3 6
¢}
4
2
o
80,000 H.E.S.S.CT5
= 10-80 GeV
o 79.000
5
3 78,000
(o}
77,000
76,000
30,000 | P1 P3 Lw2| P2 off
I Fermi-LAT
25,000
¢ mmm >1GeV
@ 20,000 1 >10 GeV (x40)
c |4
3 15,000
¢} K
10,000
5,000 [

0.8 1.0

Phase

Fig.1|Phasograms of Vela as measured with H.E.S.S. CT1-4 for energies
above 5 TeV, withH.E.S.S.CT5inthe10to80 GeVrange and with the Fermi-
LAT abovel GeVand10 GeV. Phase values are computed relative to the radio
pulse. The top phasogram (this work) is composed of 78 events. The 1o (standard
deviation) uncertainty in each bin is given by the square root of the number of
its entries. The ranges corresponding to different features in the pulse profile
atlow energies (<100 GeV, the bottom two panels) are shown as grey-coloured
intervals: pulses P1,P3, P2, and the leading wing of P2, LW2. The On-phase range
used for the extraction of the P2 spectrumin the VHE range is shown in grey on
the top panel. The Off-phase interval [0.7-1.0] is illustrated as a hatched area and
the dashed line on the two upper panels corresponds to the estimated level of
the background'. The Fermi-LAT light curve for energies above 10 GeV has been
multiplied by afactor of 40 for better visibility.

both the HE and VHE spectra to derive further constraints (Supple-
mentary Section4). The HE spectral peak lying at EEeEak ~1.5GeV (Sup-
plementary Fig.1)*"'* depends also on the combination of pand p. as
EPe™ o pl/2 p3/4. Considering an emission zone close to the LC, where
p.=Ric, andfitting the GeV componentalone resultsin yIR* ~ 3 x 107
and n ~0.02, whichisinsufficient to reproduce the TeV data (curvel,
inFig. 3). Ajoint fit of both components requires y@™ 2 7 x 107, and
by identifying y2™ with y{*, we obtain n « 0.1and p. > R, (curves |,
andl.inFig.3, red bandin Supplementary Fig. 2). Hence, ifthe HE and
VHE components are produced by the same electron population, the
H.E.S.S. data constrain the emission regions to lie beyond the LC and
imply at the same time a low magnetic conversion efficiency. Recent
work has shown that the HE properties of pulsars are consistent with
theoretical expectations for CR emission*®, and the range of param-
etersimplied here broadly agrees with the constraints derived in this
CR framework*’~', However, the dominance of turbulence deep in the
CS might forbid smooth particle trajectories characterized by mac-
roscopic local curvature radii with p. > R, .in the CS**and hence chal-
lenge the CR scheme.

In the second scenario, SR has been proposed as the mechanism
responsible for the GeV radiation*****¢, and applied to model the HE
component of the Crab and Vela pulsars®”*®. Hard particle spectra
reaching maximum energies beyond the radiative cooling limit are
expected in the magnetic reconnection scheme®® due to a two-step
process: the acceleration occurs deep in the CS where the magnitude
of the perpendicular B-field isweak and is followed by abrupt SR cooling
in the magnetic loops (plasmoids) where B-field is strong>**°"%>, The
sharp HE cutoffs observed at a few GeV in the spectra of pulsars are

PSR BO835-45

45° 00"

Declination

46° 00"

08 h 40 min 08 h 30 min

Right ascension

Fig.2| Excess map of the P2 pulse of Vela as measured with H.E.S.S. CT1-4 for
energiesabove 5 TeV. Gaussian-smoothed excess map (o= 0.15°) in the P2 phase
range, where the On and Off maps are made after selection of events in On- and
Off-phase intervals defined as [0.55-0.6] and [0.7-1.0], respectively. The triangle
indicates the position of the pulsar and the circle shows the 1o instrument point-
spread function (PSF).

attributed to the latter step. In the Vela case, the SR cutoff would cor-
respond toa maximum Lorentz factor of g ~ 1.3 x 10°(Supplemen-
tary Section 2.2). The matchinginferred particle spectralindicesin the
sub-GeV and TeV regimes and the compatible luminosity levels when
considering the available photon fields (Supplementary Section 1)
render the SR with IC scenario in the dissipation region near the LC*
attractive. However, yg* is two orders of magnitude lower than the
one derived from the H.E.S.S. data (curve Il, in Fig. 3) and requires a
more complex approach. One canspeculate on the escape of the high-
est energy (and IC-emitting) particles from plasmoids or their
re-energization after SR cooling®®®°, Alternatively, one could assume
that two populations of electrons are responsible for the HE and VHE
components (curvell,inFig. 3 and Supplementary Section 4). Invoking
aDoppler-boosted plasma as the origin of the GeV or multi-TeV emis-
sion***73867°% or of both, could also alleviate the tensions related to
the maximum achievable energy in the SR with IC scheme. The
Fermi-LAT and H.E.S.S. data constrain the wind Lorentz factor to be
I,z 5 atadistance of ~5R, . where the gamma-ray emission region
should be located (curve Il in Fig. 3 and Supplementary Section 4).
Thisregionis, however, further thanthe typicalzone at1to 2R . where
the dissipation of the energy is believed to occur through SR, according
to current particle-in-cell simulations®, Resorting to differentiated SR
and IC cooling zones could mitigate this issue with the condition that
the photons from these zones are beamed into similar phases.
Reproducing the HE and VHE light curves poses further chal-
lenges. As mentioned above, the TeV light curve maintains the trend
observed below 80 GeV, where the ratio of the intensities of the two
peaks P1and P2 decreases with energy (Fig. 1and refs. 2,7), that is,
the cutoff energy of the P2 spectrum is higher than that of P1. To form
the light curves as measured in the HE and VHE domains, gamma-ray
photons should originate in radially extended and properly shaped
zones. Special-relativistic effects and the B-field structure arrange the
photons to arrive at Earth at similar phases, that is, to form caustics.
Within the magnetosphere or slightly beyond the LC, these caustics
arise naturally’®”, and the higher cutoff energies of the P2 spectral
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Fig.3|Spectral energy distribution of the P2 pulse of Vela. Data: the green
points and the green area below 100 GeV show the measurements by Fermi-LAT
and by H.E.S.S. CTS in monoscopic mode'®, respectively. The blue area and upper
limits (99.7% confidence level) above 260 GeV correspond to the measurement
with H.E.S.S. CT1-4 in stereoscopic mode (this work), which is based on a sample
of 564 events. The centre of each bin corresponds to the spectrum-weighted
average energy in that bin. H.E.S.S. uncertainty bands consist of 1o confidence
intervals combined with systemic errors on the H.E.S.S. energy scale. The SED of
the P2 pulse of the Crab pulsar as measured by Fermi-LAT and MAGIC" is also
shownin grey. Heuristic models: either magnetospheric CR or SRin the wind
zone is considered for emission below 100 GeV, while for the TeV range IC

10? 10° 10% 10°

Energy (GeV)

scattering of soft photons is assumed (Fig. 4 and Supplementary Section1). The
scheme including CR and IC (CR/IC) is shown in orange and the scheme including
SRand IC (SR/IC) isshowninblue. The H.E.S.S. data require y™ > 7 x 107 and
hence exclude the traditional scenarios I, (CR/IC), that is, emissionin theinner
magnetosphere or at the LC, and I, (SR/IC), where y™# is limited by SR cooling.
The dashed and dash-dotted curves show possible paths to fit the data, including
aDoppler-boosted scenario (II.) with bulk wind Lorentz factor I', ~ 10 (see text).
All spectral models are computed with IC seed photons extending into the
far-infrared domain except I, limited to the O-NIR range to illustrate the impact
of the target photon density on the IC luminosity.

component can be attributed to larger curvature radii of the orbits of
electronsresponsible for P2 via CR***, Caustics canalso formwithin the
equatorial CSinthe near wind zone******’%” resultingin double-peaked
light curves with specific predictions for the polarization of the HE
emission’®”’, Alternatively, the phase coherence of the pulsations can
be obtained by a relativistic beaming effect in the far wind zone* .,
Here, the higher cutoffenergy of the P2 pulse could arise from the dif-
ferenceinthe maximumenergies attained by the positron and electron
populations with potentially distinct contributions to the pulses®**.
Theresultsreported here establish Vela as the first pulsed source
of tens of TeV gamma rays and as the second pulsar detected in the
VHE range, after the Crab pulsar’®. We find the dominant dissipation
of energy, and thus particle acceleration and photon emission, to
happen beyond the pulsar LC or at its periphery, and we set a lower
limit of 4 x 10’ m, ¢? to the maximum achievable electron energy. In
contrast to the Crab pulsar, of which the hardest pulsationisshownin
Fig. 3, Velaunambiguously displays an additional spectral component,
with a very hard index, extending to energies an order of magnitude
higher. Taking into account the spectral shapesbothin the HE and VHE
ranges, the lower limit on particle energy rises to ~7 x 10’ m, c>. This
previously unseen componentis phase-aligned with the second pulse

seeninthe HE range. These provide unprecedented challenges to the
state-of-the-art models of HE and VHE emission from pulsars and as
well are critical inputs to future modelling efforts.

Our discovery opens a new observation window for detection
of other pulsars in the TeV to the tens of TeV range with current and
upcoming more sensitive instruments, such as LHAASO®*® or CTA®. It
paves the path for a better understanding of these positron factories
in the Galaxy and their potential contribution to the local positron
excess above10 GeV (refs. 82,83) and to ultra-high-energy cosmicrays.
The hard radiation component is also a new tool for probing the role
of magnetic reconnection as an acceleration process in isolated pul-
sars, with implications for other highly magnetized plasmain diverse
astrophysical contexts, for example, black hole magnetospheres and
jet-accretion disc systems.

Methods

H.E.S.S. observations and data analysis

Observations of the Vela pulsar were performed with the H.E.S.S. array
of imaging Cherenkov telescopes, located in the Khomas Highland
of Namibia (23°16”18”S, 16° 30 00”E, 1,800 m). The H.E.S.S. array
has been designed for the detection of HE and VHE gamma rays in
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Fig. 4 |Sketchillustrating main scenarios of particle acceleration and
gamma-ray emission. Electrons are accelerated either (1) along magnetic field
linesin charge-depleted cavities within the LC, outer gaps, or slightly beyond,
that is the separatrix/CS model, or (2) through magnetic reconnection in the
equatorial CS of the striped wind beyond the LC. GeV gamma rays are due to
CRor SR, while TeV photons are produced through IC scattering of low-energy

(O-NIR) photons (see text). For the sake of readability, scales are not respected:
the pulsar size is exaggerated as well as the size of the acceleration and emission
zones. The neutron star (NS) has a diameter of 12 km and the LC radius

R, ~4300 km. The wavelength of the CS stripes (2R, ) is twice as large as that
depicted in the sketch.

the 10 GeV to 100 TeV range. It consists of four imaging atmospheric
Cherenkov telescopes (CT1-4), each havinga108 m>mirror area, placed
inasquare formation with aside length of 120 m, and afifth telescope
(CT5)withalarger mirror area of 614 m*placed at the centre. The latter
telescope was added in 2012 to extend the energy range of the array
to below 100 GeV. The observations used for this study focused on
the highest energy events and were performed in stereoscopic mode
with CT1-4. Our first set of gamma-ray observations of the Vela pulsar
with CT1-4 consisted of 16.3 hours and resulted in upper limits above
athreshold energy of 170 GeV (ref. 11).

Eighty hours of data from 2004 to 2016 observing seasons
were selected based on weather conditions and the instrument sta-
tus. Observations were mostly performed in wobble mode®, with a
source-to-centre distance of 0.7° and with the zenith angle ranging
between 20° and 40°. When penetrating the atmosphere, gamma
rays and charged cosmic raysinteract withits constituents, producing
showers of ultra-relativistic particles that emit Cherenkov light along
their path in the air. The light collected by each dish forms an image
of this shower and is recorded by highly sensitive cameras compris-
ing photo-tubes and fast electronics. The data analysis starts with
the reconstruction of the direction and the virtual impact point on
the ground of each event, derived from the combination of informa-
tion in shower images recorded by the camera of each telescope®*®.
The energy of each event and the discrimination parameters used
to reject the background of charged cosmic rays that remain after a
spatial (angular) cut at the 68% containment radius of the instrument

are obtained via a multivariate analysis® based on a boosted deci-
sion tree classifier implemented within the Toolkit for Multivariate
Analysis package®. The boosted decision tree is trained using extensive
Monte Carlo (MC) simulations of gamma-ray-induced images®® and
real off-source dataas signal and background inputs, respectively. The
results presented in this paper were cross-checked with an alternative
calibration and with two additional analysis chains for the reconstruc-
tion and background suppression®”'.

Timing and phase selection

The arrival time of each event is provided by a GPS receiver in the
central trigger system of H.E.S.S. and is then software-corrected for
the time delays in the array. A long-term stability of better than 2 ps
is achieved for the system®”. The pulsar phase corresponding to the
arrival time of each event is calculated using the TEMPO2 package”.
Event arrival times provided by a GPS receiver in the central trigger
system of H.E.S.S. are transformed to the solar system barycentre
where the pulsar phase of each event is computed using an ephemeris
derived fromradio datafrom the Parkes Radio Telescope. The ephem-
eris consisted of two overlapping solutions, valid for the ranges MJD
51602.43-56555.73 and 54175.52-57624.20 (with fiducial phase refer-
ences, TZRMJD, of 54091.726 and 55896.55), with a precision of a few
milli-periods (100-300 ps). Vela is known for its recurrent glitches.
The two timing solutions are phase-connected and properly take into
account the three glitches recorded in the years from 2004 to 2013 at
MJD 53193, 53960 and 55408.8. None of these glitches took place during
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an observation run and the glitch at MJD 57734.5 (12 December 2016,
studiedinref. 94) liesbeyond the H.E.S.S. 2016 observing period, which
ended at MJD 57541.7 (2June 2016).

Periodicity search

The search for pulsations was conducted at four predefined and
increasing energy thresholds of 0.5,1,3 and 7 TeV. These energies were
intended to cover the plausible range of the source spectrum hardness
(from soft to hard), given the absence of a priori knowledge. Three
types of periodicity tests were used: the H-test”” where no a priori
knowledge of the light curve (the phasogram, the phase-folded distri-
bution of events) is assumed, the C-test™ where the position and the
(approximate) width of the pulse shape are supposed to be known
beforehand, andanLR test” based onaprioridefined On- and Off-phase
intervals. The pulse P2 of the Vela pulsar, dominatingin the tens of GeV
energy range, was considered and its parameters were derived from
the Fermi-LAT phasogram above 10 GeV (ref. 16): fitted position
#5sY = 0.565 and width w = 0.025 (FWHM). The Fermi-LAT phasogram
above 10 GeV was also used to define the On- and Off-phase intervals
as [0.55-0.6] and [0.7-1.0], respectively. Given the narrowing of P2
with increasing energy in the HE range’, and in order to maximize the
signal-to-noise ratio for the spectral derivation, anarrower On-phase
region was adopted here as compared to the phase interval [0.5-0.6]
used atlower energiesin ref. 16.

The pulsed nature of the signal enables one to extract the On-and
Off-source events from the same portion of the field of view, eliminat-
ing one of the main sources of systemic effects arising from variations
of acceptance as a function of direction in the sky and position in the
camera. The required minimal significance level for detection of pul-
sations is consequently defined as 40, lower than the 5o usually used
for an unpulsed signal (a similar significance threshold for detection
of pulsars with the Fermi-LAT was adopted in ref. 20). Given the small
number of events, the probability distribution function of all tests was
computed numerically using extensive MC simulations®’.

The periodicity test results are given in Table 1. The C-test resulted
intrials-corrected (pretrials) significance levels of 4.90(5.40) and 5.60
(6.00) above energy thresholds of 3 and 7 TeV, respectively. For these
thresholds, the corresponding H-test results are 3.90 (4.50) and 4.50
(5.00), while the LR test yielded post-trial significance levels of 4.70
and 4.80, with excess counts of 18.2 and 14.3 events, respectively. The
total number of trials is conservatively assumed to be equal to 12, the
product of the number of tests for periodicity applied to the data (three:
the C-test, H-test and the LR test) by the number of datasets (four: the
number of energy thresholds used for selection of events). The adopted
number of trials is conservative for two reasons: (1) the four samples
have overlapping energy ranges; and (2) the three periodicity tests do
notamountto three plaintrials, as they use exactly the same datasam-
ple. Lower posttrial significance levels were obtained for the datasets
with energy thresholds of 0.5 TeVand 1 TeV, for example, for the C-test,
3.70and 4.30, respectively, pointing to a hard energy spectrum at P2.
Additional postdetection C-tests (LR tests) were performed above
energy thresholds of 5and 20 TeV in order to bridge the gap between
thefirstselected thresholds and toinvestigate a possible cutoff at the
highest energies, respectively. They resulted in significance levels of
5.80(50,18.2 excess counts) and 4.60(4.30, 6.7 excess counts), respec-
tively, confirming the hard photon spectrum.

Light curve fitting

The characterization of P2 was performed via an unbinned likelihood
fit of an asymmetric Lorentzian function”’. The fit to data selected
above 5 TeV resulted ina position ¢;5" = 0.568*5:00%, and asharp outer

edge (or trailingedge), o7¢¥ = 0.004+0:9%¢ both of which are compatible

with the fitted values obtained above 20 GeV: ¢$¢¥ = 0.565 + 0.001
and o$*Y = 0.003 + 0.001 (ref. 16). The central fitted value of the inner

edge width (or leading edge) of the TeV pulse, ¢/’ = 0.007+3:097, was

found to be slightly smaller than o%¢¥ = 0.017 + 0.002, but the differ-
ence is not statistically significant (<1.50).

That only P2 is detected in the multi-TeV range is consistent with
the evolution of the phasogram with increasing energy. Indeed, the
ratio of P1/P2 amplitudes decreases with increasing energy, with P1
dominating below 300 MeV, while P3 dims and slides to later phases
with increasing energy’. This trend was confirmed in the tens of GeV
range', P2 being the sole significant feature in Vela’s phasogram in
thatrange.

Spectral derivation

Datawere selected for the P2 and Off-phase intervals, defined as [0.55—
0.6]and[0.7-1.0], respectively. The energy spectrumwas derived using
amaximum likelihood fit within a forward-folding scheme, assuming
a priori spectral models”. Instrument response functions were com-
puted through extensive MC simulations as a function of the energy,
zenith and azimuthal angles of the telescope pointing direction, the
impact parameter of showers and the configuration of the telescope
array for each observing period.

The fit of a power law to the overall dataset in the 260 GeV to
28.5 TeV energy range (using five intervals) resulted in a very hard
spectrumwith photonindex /"y =1.4 + 0.3 + 0.1¥* and normalization
@ = (174 £ 0.5257 + 0.35%*) x 10~ erg™'cm™s™ at the decorrelation
energy E,=4.24 TeV. This corresponds to an isotropic luminosity
Lyorev = 2 X 10*° erg s™ for the source distance of 287 pc (ref. 15). The
covariance matrix for the fitted parameters, @, (in erg'cms™) and
Iy, based on the statistical errors, is:

2.666 x 103! 1.804 x 1071
1.804 x 10 1.027 x 1071

The limited statistics do not allow a test for a statistically signifi-
cantdeviation from the power-law hypothesis. Within statistical errors,
the spectral parameters are stable for alternative phase-range defini-
tions, for example, (1) when selecting On-phase events in the same
interval as that used below 100 GeV, that is [0.50-0.60] (ref. 16), we
obtain I'yye = 1.3 + 0.4%, &, = (1.84 + 0.55%) x 10~ B erg™'cm s, and,
(2) when using an Off-phase interval [0.7-0.9], 'y =1.3 £ 0. 3°%,
& = (1.81+ 0.325%) x 10~ erg™ cm>s™. In the energy range used for
this study, the energy resolution and bias of the reconstruction pipe-
line®® are better than 17% and 5%, respectively. The systemic uncertain-
ties quoted on the above results have been adopted from the study
carried out in ref. 84 and include an uncertainty on the instrument’s
absolute energy scale of 10% (ref. 16). Given that the energy spectrum
extends up to 28.5 TeV, with some events displaying an energy beyond
20 TeV, we conservatively adopt 20 TeV as the maximum detected
energy forindividual photons.

Data availability

The H.E.S.S. raw data used in this study are not public but belong to
the H.E.S.S. Collaboration. The high-level data for the light curve
(Fig.1), and the confidence interval for the spectral energy distributions
(Fig.3) areavailableat: https://www.mpi-hd.mpg.de/hfm/HESS/pages/
publications/auxiliary/2023_Vela_MultiTeV.
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