
High-energy emission of pulsars and 
their nebulae

Imvঞ|�|;�o=
"r-1;�"1b;m1;v

https://sites.google.com/view/dft-research

Diego F. Torres



Re-starting from the beginning: Pulsar’s spin-down basics 
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• Pulsars slow down: losing rotational energy

• Then, the rate of energy release (the spin-down power)

• This is the energy reservoir for everything that happens in the
surrounding of the pulsar unless there is an additional source of
energy, beyond the rotation itself

• This power is what is used to emit at all frequencies, and to
power the ‘wind nebula’.



Radiation from the pulsar complex
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Magnetospheric pulsed
emission within the light 
cylinder: via synchro-
curvature, and perhaps IC 
process

Unshocked wind may shine
at GeV and TeV energies via
comptonization

Synchrotron nebula
produces broad-band 
emission (synchrotron, IC)
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The spectral rainbow of pulsars



Pulsars of all kinds, but no so many

D. F. Torres

• Apart from the >2000 radio pulsars (ATNF Catalog), at high 
energies we know

• >200 gamma-ray pulsars detected by Fermi-LAT (e.g., 2PC+)

• Of these, <20 show non-thermal pulsations in hard X-ray 
energies (e.g., Kuiper & Hermsen 2015)

• And <20 objects pulse in hard X-rays but lack detected 
counterparts at higher energies (e.g., Kuiper & Hermsen 2015).

• 40 gamma-ray pulsars are detected in soft X-rays with a non-
thermal, power-law like emission component, several with 
pulsations, but mostly without (e.g., Coti-Zelati, DFT et al. 
2019).
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Kuiper & Hermsen 2015

Typical photon indices at X-ray energies ~ -1.2
Except for Crab and the Crab twin PSR J0540-6919.

9 pulsars with non-thermal (pulsed) X-ray & gamma-ray emission.

Non-thermal (pulsed) spectra: hard X-ray pulsar catalog
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Reanalysis/Compilation of all archival X-ray obs of g-ray pulsars 

Coti Zelati, DFT et al. 2019 8



To pulse or not to pulse: approximating the pulsar emission

Coti-Zelati, DFT et al. 2019 9

• In some cases, pulsar and PWN are spatially coincident, even 
when observed at the highest resolution 

• In these cases, 
• The pulsed pulsar emission is a lower limit to the pulsar 

emission à Correct only if pulsed fraction is 100%.

• The pulsed + unpulsed emission is an upper limit to the 
pulsar emission à Correct only if contamination is 0%.

• Pulsed fractions in X-rays (may depend on frequency) span a 
broad range, from ∼ 7% to ∼ 95% 



Phase-averaged spectra of all X-ray / g-ray pulsars 

Coti-Zelati, DFT et al. 2019 12



Examples of non-thermal, rising spectra (E2E-G, G<2)

Coti-Zelati, DFT et al. 2019 13



Examples of non-thermal, inverted spectra (E2E-G, G>2)

Coti-Zelati, DFT et al. 2019 14
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2nd Fermi PSR catalog

Gamma-ray pulsar spectra (2PC into 3PC soon)



Coti-Zelati, DFT et al. 2019 

A few take home messages from this part
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• Several non-thermal spectra in soft X-rays are inverted. This kind 
of pulsars may be too dim to be seen in hard X-rays.

• Gamma-ray data is PWN-subtracted. 
• PWNe have typically much lower fluxes than the PSRs, with 

only a few detected at GeV. Higher-energy data, extension, and 
cutoffs, can help separate the PWN component.

• A significant sample of non-thermally emitting pulsars is building 
up. Now, 40 X-ray to gamma-ray SEDs are available. 

• Need to exercise caution for at least understanding the caveats in 
combining pulsed/unpulsed/PWN components and use (as much) 
consistent data (as possible).



• What is behind this spectral variety?
• What process is behind the emission spectra? 
• Is it the same at all bands? For all pulsars?

• What makes a pulsar shine in gamma-rays and/or X-ray energies?
• Why some do at only one and not at the other frequency?
• Especially when pulsar features P, P are similar

• Can one predict, based on observations on only a part of the emission spectra, 
what will the pulsar emit in other bands?
• Can we use this predictions to enlarge the population of X-ray pulsars?

• Do we expect a population of MeV pulsars? 
• What pulsars would conform such population if so? 

Phenomenological questions arise
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Radiation

D. F. Torres 18



Particles moving in magnetic environments emit radiation, due to the electromagnetic
acceleration, according to the general Larmor formula: 

Curvature radiation when the movement happens along a curved line 

Synchrotron radiation when the movement happens around a line 

Near pulsars, the magnetic field is so intense that particles gyrate while 
sliding, with rc >> rgyr

Radiation
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Cheng & Zhang (1996) obtain that particles emit SC photons with a characteristic energy

with the factor Q2 defined as

and where the synchro-curvature parameter is

Since rgyr≪ rc, the last term in the rhs of Q2 is always negligible compared with the first 
three. 

Therefore, in order to compare the curvature and synchrotron contributions, the fundamental 
parameter to consider is ξ. 

Here using the SC reformulation from Viganò, DFT, Hirotani, Pessah, MNRAS 2015a

Synchro-curvature radiation formulae [for later context]
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The power radiated by one particle per unit energy is 

Where Kn are the modified Bessel functions of the second kind of index n, and

Synchro-curvature radiation formulae [for later context]
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The total power radiated by one particle can be found by integrating in energy, and can be 
written as the curvature power times a correction factor 

Curvature: ξ<<1 synchrotron: ξ>>1

Synchro-curvature power

D. F. Torres 22



In which astrophysical setting is this process important?

D. F. Torres 23

ξ>>1

ξ<<1 



• Consider time-dependent particle propagation in a generic region in the pulsar 
magnetosphere threaded with an accelerating field, and the emission that such particles 
generate

• balance of synchro-curvature losses and acceleration 

• with variation in time / position of all physical properties along the propagation 
of particles, 

• computing synchro-curvature radiation (as opposed to the use of just one or the 
other approximated processes) along the propagation

Ingredients for building up an effective theoretical model

D. F. Torres 24



Viganò, DFT, Hirotani & Pessah, MNRAS 2015; DFT, Nature Astronomy 2018

balancing losses 
with an accelerating E||

• electrons and positrons created by, e.g.,  pair production

• The pitch angle at birth, αin, is random αin ∼ O(1) which inevitably implies ξin ≫ 1.

Particle motion under synchro-curvature losses

25
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• accelerating electric field, E||, 
• magnetic gradient, b,  How fast the magnetic field declines? 
(radial lines of a dipole have b=3)



Comparing trajectories

DFT Nature Astronomy 2018 27

Lorentz Factor

Synchro-curvature parameter



Comparing trajectories

DFT Nature Astronomy 2018 28

SC power

Characteristic Energy



Synchro-curvature power of a particle distribution

Viganò, DFT, Hirotani & Pessah, MNRAS 2015; DFT, Nature Astronomy 2018 29

The observed spectrum from a pulsar is given by the integration over the population of 
particles emitting in the direction to the observer, along a given accelerating region:



The main equation for computing the total emission

Viganò, DFT, Hirotani & Pessah 2015; DFT 2018 30

Synchro-curvature emission 
from a single particle

Particle distribution

Extent of the 
accelerating region

The observed spectrum from a pulsar is given by the integration over the population of 
particles emitting in the direction to the observer, along a given accelerating region:



where

Synchro-curvature power of a particle distribution

Viganò, DFT, Hirotani & Pessah 2015; DFT 2018 31

The observed spectrum from a pulsar is given by the integration over the population of 
particles emitting in the direction to the observer, along a given accelerating region:



Viganò, DFT, Hirotani & Pessah 2015; DFT 2018

The functional form to represent the distribution is chosen to depend on two parameters

Synchro-curvature power of a particle distribution
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• contrast (determined in dimensionless units as the inverse of x0/Rlc),
How uniform the distribution of particles is? How small is the region of acceleration?

• normalization, N0
Only moves the whole spectral shape up and down, does not affect the shape itself.

The observed spectrum from a pulsar is given by the integration over the population of 
particles emitting in the direction to the observer, along a given accelerating region:



• accelerating electric field, E||, 

• magnetic gradient, b, 
How fast the magnetic field declines? (radial lines of a dipole have b=3)

• contrast (determined in dimensionless units as the inverse of x0/Rlc), 
How uniform the distribution of particles is? How small is the relevant region?

• normalization, N0
Only moves the whole spectral shape up and down, does not affect the shape itself.

For convenience:
- We normalize all quantities with units of distance using the corresponding Rlc for each pulsar
- xin and xout are assumed the same for all pulsars, proven not to be critical 
- The acc. region size is taken equal to Rlc placed around the light cylinder, but we are leaving the contrast free, so 

that the relevant scale of emission is actually decided by it.

4 physical parameters, 3 of which affect the shape of the SED 

DFT 2018 33



• accelerating electric field, E||, 

• magnetic gradient, b, 
How fast the magnetic field declines? (radial lines of a dipole have b=3)

• contrast (determined in dimensionless units as the inverse of x0/Rlc), 
How uniform the distribution of particles is? How small is the relevant region?

• normalization, N0
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4 physical parameters, 3 of which affect the shape of the SED 

DFT 2018 34

Physics of the accelerating region

Geometry accelerating region - observer



Fitting example: J0205+6449, with b=2.80

DFT 2018 35



Modelling the X-ray/gamma-ray detected pulsars, few 
examples

DFT 2018 37



Modelling the X-ray/gamma-ray detected pulsars, few 
examples
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Modelling the X-ray/gamma-ray detected pulsars, few 
examples
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Modelling the X-ray/gamma-ray detected pulsars, few 
examples
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PWN in the context of their supernova remnant: a cartoon
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• The pulsar wind sweeps up the
ejecta; the shock decelerates the
flow & accelerates particles; and
a PWN forms

PWN: hot bubbles (a.k.a., 
plerions) of particles and 
magnetic field, emitting
non-thermal radiation (via
synchrotron – inverse
Compton) from radio to
TeV γ-rays

• The Supernova Remnant
sweeps up the ISM; and a
reverse shock heats the ejecta;
and for older PWN, ultimately
compresses it

Plot from Gaensler & Slane 2006



Not bad for some nebulae
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Plot from Gaensler & Slane 2006 + observations of G21.5-0.9 with Chandra

A young PWN in an isotropic environment



Bad for others
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Kargaltsev et al. 2020 

The pulsar moves and eventually abandon the PWN



Bad for others, but we are not in lack of cartoons
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Kargaltsev et al. 2020 



From Crab to the PWN zoo
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Crab Nebula is a very effective accelerator but not an effective IC gamma-ray emitter. 
We see gamma-rays from Crab because of its large spin-down reservoir (~1038 erg/s), 

but gamma-ray luminosity <<  spin-down power, 
because of a relatively large magnetic field, whose strength also depends on spin-down. 

A large zoo of PWN:
less powerful pulsar à weaker magnetic field à higher gamma-ray efficiency

(i.e., even when there is less spin-down power available, 
there is a more efficient sharing between synchrotron and IC losses). 

Concept by Okkie de Jager, Felix Aharonian, et al.



From Crab to the PWN zoo: examples of plerions

D. F. Torres 46

G21.5/PSR J1833-1034:
τ = 4.7 kyr, 

Edot = 3x1037 erg/s, 
d ~ 5kpc 

L(1-10 TeV) = 4x1033 erg/s 
B ~ 25 µG

Compare with Crab’s L(1-10 TeV) =3.7x1033 erg/s and Edot=4x1038 erg/s

Kes75/PSR J1848-0258:
τ < 1 kyr, 

Edot = 8x1036 erg/s, 
d ~ 6 kpc 

L(1-10 TeV) = 6x1033 erg/s 
B ~ 10 µG

Particle dominated nebulae 



Why do we care about PWNe? 
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• Pulsations at all frequencies (which depending on geometry, may or may not be 
seen) take only a few percent of the spin-down power. 

• Instead, pulsars lose the bulk of their energy via the production of a relativistic
wind, an outflow of relativistic particles that generates a nebula. 

• While emitting across the electromagnetic spectrum, PWNe connect with
• the compact star itself (e.g., via its rotational power and the rate of its

decrease), 
• its progenitor and SNR they leave (e.g., via the energy of the explosion, the

supernova mass ejecta, the kick velocity of pulsar, the interaction with the
reverse shock)

• the interstellar medium (ISM) and photon density in which they are located. 

• Understanding PWN implies getting all these interfaces right: identification and 
characterization is thus crucial for a broad range of topics in current astrophysics. 



Why do we care about PWNe? II 
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• Detecting both the radio and gamma-ray emission from a PWN enables the
measurement of the particle spectrum, the magnetic field strength, and the
energy density of the background photon field. 

• We could determine the wind composition, estimating how many pairs are 
produced in the pulsar magnetosphere

• Studying spatial morphology of PWNe allows inferring properties of the
progenitor and of the environment, as well as the diffusion and cooling to which
particles are subject. 

• Since they last thousands of years, providing clues about the historical evolution 
of radiative plasma and transport of particles/fields 

• And they also flare! There should be an efficient & rapid particle acceleration (like 
in AGNs or GRBs): common mechanisms (magnetic reconnection or shock 
acceleration) 



Current PWNe: already the most numerous population at VHE 
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The HGPS catalog contains 78 VHE sources.



Current PWNe
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31/78 are firmly identified as pulsar wind nebulae
(PWNe), supernova remnants (SNRs), composite
SNRs, and a few gamma-ray binaries. 

47/78 (>50%) are unidentified

36/47 (>76%) are likely related with PWNe



New PWNe on the market: the forthcoming PWNe population
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Core array:
Many medium telescopes
mCrab sensitivity
in the 100 GeV–10 TeV
domain

Low-energy section
Few large telescopes
energy threshold
of some 10 GeV

High-energy section:
Many small telescopes
5 km2 area at 
multi-TeV energies



New PWNe on the market: the forthcoming PWNe population
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CTA would detect a significant fraction (0.4 to 0.8) of all the PWN expected 
to shine at higher energies – hundreds of PWNe

• PWNe with Crab luminosity detectable up to the LMC 
• fainter PWNe detectable to 10–15 kpc



SKA and the PWNe population
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from M. Kramer, Pulsar science with SKA



Modelling PWN: there were two different approaches
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MHD models

e.g., 
Bucciantini (2002)
van der Swaluw et al. (2004)
Del Zanna et al. (2006) 
Mizuno et al. (2011)
Olmi et al. (2013)
Porth et al. (2013)
Porth et al. (2014)
Olmi et al. (2014) 
Temim et al. (2015) 
Olmi et al. (2016)
Kolb et al. (2017) 

Radiative models

e.g., 
Venter & de Jager (2007) 
Zhang et al. (2008) 
Gelfand et al. (2009) 
Bucciantini et al. (2011) 
Tanaka & Takahara (2010) 
Zhu et al. (2018)
Martín et al. (2012) 
Torres et al. (2014) 
Martín et al. (2016) 
Torres & Lin (2018) 
Torres et al. (2019)
Bandiera et al. (2020)

One model class’ caveats are the other class’ strengths. 
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Modelling PWN: two different approaches
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Radiative models

e.g., 
Venter & de Jager (2007) 
Zhang et al. (2008) 
Gelfand et al. (2009) 
Bucciantini et al. (2011) 
Tanaka & Takahara (2010) 
Zhu et al. (2018)
Martín et al. (2012) 
Torres et al. (2014) 
Martín et al. (2016) 
Torres & Lin (2018) 
Torres et al. (2019)

• They aim at analyzing the impact of time- dependent energy 
losses on an injected population of particles
• do not consider any morphology 
• do not produce an energy-dependent map of the nebula 

• Compute radiation emitted by an evolving-in-time population 
of particles
• The evolution of the particle population is what is taken 

care in full detail

• The focus is in the prediction or interpretation of measurable 
spectral energy distributions. 

• Some include semi-analytical dynamical modelling of the 
SNR Shell, and the interaction between the reverse shock of 
the SNR with the expanding PWN Shell (reverberation)
• Significant room for improvement here

• Inherent to these radiative models, then, the derived density, 
magnetic field, and pressure within the nebula have zero 
gradients. 
• Keep this in mind…



Modelling PWN: radiative models
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The models differ in how detailed these terms are.
This equation has time-dependences all over:

-losses (e.g., the magnetic field evolves with time)
-timescales
-pulsar power & injection
-maximum energy of particles,
-…

And the dynamical evolution is added
via prescriptions about the behavior of 
the SNR Shell, the position of the
reverse shock, etc.

But note that all this is 0D, there is no 
position anywhere.



Modelling PWN: radiative models – building blocks
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Energy in magnetic field

Energy loss due to nebula expansion

Numerical expression for the time-dep. evolution of B

h, magnetization: Fraction of spin-
down powering the field



D. F. Torres

Modelling PWN: radiative models, successful even for Crab

59



D. F. Torres

We have learned a lot from radiative models, some examples

60

• Neglecting terms in the diffusion-loss equation is a killer, since their dominance is time-
dependent

• Comparing SEDs of the PWNe as observed today mixes pulsars of different spin-down power 
and age; generates a variety of distributions. A normalized comparison of the SEDs reduces the 
dispersion, no significant outliers. 

• Only Crab is SSC dominated (expected; since we could derive the conditions when this happens 
and essentially only Crab fulfills them). Most others are FIR-IC; SSC irrelevant. 

• All PWNe are particle dominated: magnetization ~a few percent common, there might be some 
observational bias into this fact 

• Detected PWNe have high multiplicity (order 104-6)

• GALPROP code tend to underpredict local values of FIR and NIR needed for PWNe to shine up in 
TeV as they do. GALPROP bins too coarse for single object PWNe studies.

• All PWN found with very similar injection parameters (high energy slope: 2.2-2.8; low-energy 
slope: 1.0-1.6)  and break energies (Lorenz factor around 5E5), but hardly any correlation after 
evolution

• Need to use a more complex dynamics in aged PWNe. Reverberation is very important, but… not 
clearly understood. Reverberation can produce stages of super-efficiency, where L > Lsd



PWN (real) fitting, with auto-TIDE

Assuming 100% errors
in data, to illustrate 
confidence intervals. 

Look at the residuals, there 
are still issues in the 
phenomenology/theory or 
data to resolve [or to accept 
by, given simplifications 
intrinsic to the model]

Martin & DFT, work in progress



PWN (real) fitting, with auto-TIDE

Martin & DFT, work in progress



Modelling PWN: two different approaches
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MHD models

e.g., 
Bucciantini (2002)
van der Swaluw et al. (2004)
Del Zanna et al. (2006) 
Mizuno et al. (2011)
Olmi et al. (2013)
Porth et al. (2013)
Porth et al. (2014)
Olmi et al. (2014) 
Temim et al. (2015)  
Olmi et al. (2016)
Kolb et al. (2017) 

• provides spatial dependencies 

• like the distribution of the density, pressure, and PWN 
magnetic field as well as the time-evolution of the PWN 
radius.

• Are able to study the interaction between the termination 
shock and the surrounding matter much better, as well as how 
particles diffuse into the PWN

• They focus on morphology at different scales and much less 
(if at all) on radiation being emitted by relativistic particles. 



2D MHD models deal nicely with the inner PWN
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Del Zanna et al. 2006



2D MHD models deal nicely with the inner PWN
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The simulations reveal a highly variable structure of the pulsar wind termination
shock (small scales).

The synthetic synchrotron maps show striking similarity with images from HST. 

In addition to the jet-torus structure, these maps reproduce the Crab’s famous
moving wisps whose speed and rate of production agree with the observations

Synthetic optical image 
Synchrotron radiation

Difference between 2 optical
images separated by ∼ 105 days. 

Camus et al. 2009
Crab Today

Hester et al. 2005
HST observations

Hester et al. 2005
HST observations



2D MHD models do not reconcile well with PWNe spectra 
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• The reduced dimensionality produces an artificial compression of the magnetic field around
the polar axis

• to reproduce the high-energy morphology of the Crab nebula a smaller value of the
average magnetic filed is found (∼ 50 μG), which results to be approximately 4 times 
smaller than estimated

• With this low average field, electrons are affected by weaker synchrotron losses and a 
steeper spectral index (of approximately 0.8) is required in order to fit the high-energy
component of the spectrum. 

• At the same time, with a lower field, a larger number of particles is needed in order to 
reproduce the synchrotron emission and this reflects into an overestimate of the IC 
component by the corresponding factor.

• In order to reproduce the whole spectrum self-consistently, a larger and more diffuse
magnetic field is mandatory, and 3-D models are indeed needed. 



Modelling PWN: 2D MHD has issues with the field structure
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The field appears to be too high at the center but too low
at the boundaries strongly affecting the resulting emission.

The volumen-averaged field is also too low.

When fitting the morphology, these models cannot fit the
spectra:

For instance, those models cannot account for a single 
normalization of the particle distribution function and 
require two families (L and H, for low and high-energy) of 
particles, as well as to change by hand the H spectral
index to reduce the effect of the underestimated
synchrotron losses. 

G21 PWN @ 860 years



3D MHD models – state of the art
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Olmi et al. 2016
Crab @ 250 years

Porth et al. 2014
Crab @ 70 years



MHD models – state of the art
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Porth et al. 2014
Crab @ 50 years

3DMHD - pressure 2DMHD - pressure



Modelling PWN: MHD models – state of the art
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Porth et al. 2014
Crab @ 50 years

Pressure Magnetic field



Modelling PWN: MHD models – state of the art
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Pressure Magnetic field

In 3D MHD, strong dissipation renders the total pressure nearly constant across the
whole PWN. 

Away from the TS, also the magnetic field variation is roughly constrained to being a 
constant, within a factor of a few. 

These facts are likely the reason behind the great success of radiative models based on a 
single zone for reproducing the spectral energy distribution of PWNe [Gelfand (2017)]. 

We note that this applies as well to the 2D HD approach, which is also producing a 
more uniform pressure distribution than what would result from a 2DMHD simulation, 
probably closer to reality overall. 



Modelling PWN: two different approaches
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MHD models

e.g., 
Bucciantini (2002)
van der Swaluw et al. (2004)
Del Zanna et al. (2006) 
Mizuno et al. (2011)
Olmi et al. (2013)
Porth et al. (2013)
Porth et al. (2014)
Olmi et al. (2014) 
Temim et al. (2015) 
Olmi et al. (2016)
Kolb et al. (2017) 

Radiative models

e.g., 
Venter & de Jager (2007) 
Zhang et al. (2008) 
Gelfand et al. (2009) 
Bucciantini et al. (2011) 
Tanaka & Takahara (2010) 
Zhu et al. (2018)
Martín et al. (2012) 
Torres et al. (2014) 
Martín et al. (2016) 
Torres & Lin (2018) 
Torres et al. (2019)

We need a versatile combination of these two.
Also particularly motivated by the challenge of interpreting the large amount of existing and forthcoming PWN 

data for which the pulsar properties are unknown. 



Thank you for your attention


