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4 Timokhin & Harding

It was demonstrated in Timokhin & Arons (2013);
Timokhin (2010) that pair formation in pulsars is an
intermittent process. Time periods of e�cient particle
acceleration and intense pair production alternate with
periods of quiet plasma flow when dense plasma screens
the accelerating electric field and no pairs are formed
(more on this in §4). As in Pap I, here we consider cas-
cades at the peak of the pair formation cycle, when their
multiplicity is the highest, postponing discussion on the
e↵ects of intermittency to §8. Such cascades are gen-
erated by the primary particles accelerated in well de-
veloped gaps. Screening of accelerating electric field in
the gap happens very quickly, well before the multiplic-
ity reaches its maximum values. Once primary particles
have produced the first generation of pairs which screen
the accelerating electric field, they keep moving in the
regions of screened electric field radiating their energy
away, giving rise to extensive pair cascades. So the PC
cascades can be considered as initiated by primary par-
ticles with given energies freely moving along magnetic
field lines.
Fig. 1 gives a schematic overview of processes involved

in pair plasma generation in PC cascades3, shown are
the first two generations in a cascade initiated by a pri-
mary electron. Primary electrons emit CR photons (�cr)
almost tangent to the magnetic field lines; primary elec-
trons and CR photons are generation 0 particles in our
notation4. Magnetic field lines are curved and the angle
between the photon momentum and the magnetic field
grows as the photon propagates further from the emis-
sion point. When this angle becomes large enough, pho-
tons are absorbed and each photon creates an electron-
positron pair – generation 1 electron (e�) and positron
(e+). The pair momentum is directed along the momen-
tum of the parent photon and at the moment of creation,
the particles have non-zero momentum perpendicular to
the magnetic field. They radiate this perpendicular mo-
mentum almost instantaneously via SR and move along
magnetic field lines. The secondary particles can scatter
thermal X-ray photons �X coming from the NS surface
and lose their momenta parallel to the magnetic field.
Although the secondary particles are relativistic, their
energy is much lower than that of the primaries and
their curvature photons cannot create pairs. Genera-
tion 1 photons – synchrotron (�syn) and RICS (�rics)
photons produced by the generation 1 particles are also

3
This figure is similar to the Fig. 1 from Pap I but now it

includes RICS of thermal photons by secondary pairs

4
Primary electrons also can emit RICS photons that produce

pairs, but these are not shown since the numbers are too small to

fully screen the electric field.
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Figure 1. Schematic representation of electron-positron cas-

cade in the polar cap of a young pulsar with high magnetic

field, see text for description.

emitted (almost) tangent to the magnetic field line –
as the secondary particles are relativistic – and propa-
gate some distance before acquiring the necessary angle
to the magnetic field and creating generation 2 pairs.
These pairs in their turn radiate their perpendicular mo-
mentum via SR, and parallel momenta via RICS emit-
ting generation 2 photons. The cascade initiated by a
single CR photon stops at a generation where the energy
of synchrotron photons falls below ✏�, esc.
Primary particles emit pair producing CR photons

throughout the whole cascade zone as they move along
the field lines. Secondary particles emit all their pair
producing synchrotron photons after their creation al-
most instantaneously. RICS photons are emitted by
secondary particles over some distance, which is usually
much smaller than the size of the cascade zone.
In the following sections we analyze the individual fac-

tors regulating the yield of electron-positron cascades
and develop a semi-analytical technique which models

QED Processes 
and Cascades

Pulsars Are Unique Laboratories for Fundamental Physics

Fermi-LAT transformed pulsars from a small gamma-ray 
source class into a population where detailed 
magnetospheric physics can be tested. A 30x leap in 
sensitivity would move this to a qualitatively new regime.

Tracer particles 
and photons in 
particle-in-cell 
kinetic plasma 

simulations

• Precisely measured clocks and energy 
budgets: rotation and spin-down provide 
unusually strong global constraints on the 
system.  

• Multiple, connected observables: light curves, 
spectra, polarization, and multiwavelength 
emission can simultaneously test magnetospheric 
models.  

• Cosmic Particle Accelerators: particle 
acceleration, radiation reaction, and e+e- pair 
production - antimatter and cosmic rays in the 
galaxy


• Physics laboratories: the same fundamental 
processes operate, in different environments and 
geometries, in magnetars/FRBs, black-hole 
magnetospheres and jets, cosmic-ray 
accelerators, and merging neutron stars.

Dissipative 
MHD 

simulations



Context

• Gamma-rays relevant for NASA span >5 decades in energy, ~100 keV - 
10 GeV


• This talk is based on findings in the Future Innovations in Gamma-rays 
Science Analysis Group report (FIG-SAG), mostly comprised of theorists, 
of which I am a co-chair.


• We sought to answer: what are the revolutionary science that can be 
done with a next-generation leap in capability? What are the 
performance requirements? What energy range?


• Science using neutron stars forms two pillars in the report, motivating 
future gamma-ray great observatories and detector/instrument R&D



Context - where do we go for gamma-rays?

Compton Gamma-ray Observatory - COMPTEL

?

1-30 MeV

2030s

~1990s

?
2030s

~1990s ~2010s
Compton Gamma-ray Observatory - EGRET Fermi-LAT

>100 MeV >1 GeV



Pillar 1: Unmask the nHz gravitational 
wave background with a gamma-ray 

pulsar timing array (PTA)



The Gravitational Wave Landscape



Sesana et al., 2009

What are the properties of the gravitational wave background on the sky?

• GW amplitude  scales with masses of merging black holes and the efficiency of BH mergers.

• The background is not necessarily a power law!  Brightest (mass/distance) mergers can dominate.

• Detecting the amplitude  and ultimately, the shape of the GWB spectrum provides a direct constraint 

on a process whose large dynamic range makes it difficult to observe/simulate, and complements other 
probes of BH masses.

𝑨𝐠𝐰𝐛

𝑨𝐠𝐰𝐛



Open Questions
• Can the nHz gravitational wave background be explained fully by 

supermassive black hole binaries, or are more exotic early-universe sources 
required?


• What is the background’s spectrum?


• What is the eccentricity, mass, and redshift distribution of SMBHB mergers?


• How does the GW amplitude vary across the sky? How big are anisotropies? 
On what angular scales? How does anisotropy vary with frequency? [NB. 
scales strongly with the number of pulsars]


• Can we find individual binaries? Can we use them for cosmology?

It turns out answering these questions requires a PTA with a 
large N number of pulsars distributed widely across the sky 



Why Gamma-rays for a PTA? Why now?
• Fermi-LAT: ~100 MSPs x 10—20 years 

• Fermi-LAT GPTA DR1 was released in 2022 (Ajello et al.) along with a search for a stochastic GWB, 
and predictions for reaching the ~  level by the late 2020s with continuing data 
accumulation. 

• The GPTA has some unique properties: 
– Immunity to IISM effects. 
– Retrospective pulsar timing. 
– (Mostly) unchanged experimental setup. 
– Brightest MSPs are different to radio. 
– Computationally inexpensive.

𝟐 × 𝟏𝟎−𝟏𝟓

What could a mission 
designed from the onset as a 
gamma-ray PTA could do? 
What is needed? 🤔🤔🤔



Why Gamma-rays for a PTA?
• Fermi-LAT: ~100 MSPs x 10—20 years 

• Fermi-LAT GPTA DR-1 was released in 2022 (Ajello et al. led by Matthew Kerr) along with a search 
for a stochastic GWB, and predictions for reaching the ~  level by the late 2020s with 
continuing data accumulation. 

• The GPTA has some nice properties: 
– Immunity to IISM effects. 
– Retrospective pulsar timing. 
– (Mostly) unchanged experimental setup. 
– Brightest MSPs are different to radio. 
– Computationally inexpensive. 

• So it would be nice to consider expanding the 
GPTA to include other instruments…

𝟐 × 𝟏𝟎−𝟏𝟓



Fermi-LAT has now begun to detect a background!
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GWB Amplitude GWB Spectrum

Some 
tension!



Recipe for Forecasting Capability
build a virtual population and virtual instrument and see how well it does

1. Build a realistic population of Galactic millisecond pulsars, motivated by theory and 
calibrated to observations (radio surveys and Fermi-LAT)


A. Assume gamma-ray luminosity functions and spectral cutoff scaling from 
Kalapotharakos, Wadiasingh+2019,22,23,25


2. Assume standard isotropic and cosmic ray gamma-ray backgrounds in the MeV-GeV


3. For every instrument “concept” scaled from Fermi-LAT acceptance (Aeff*FoV and 
PSF):


A. Assign an unbaised timing precision to each MSP based on detection 
significance 


B. Assess pulsar timing array performance using standard tools (hasasia)


For details, see Kerr, Wadiasingh+2026 ApJL



Pair-regime Concepts and Results

13

• For gravitational waves: 
– 1x LAT right on target with our actual estimate. 
– Acceptance/effective area generally most important here compared to PSF. 
– The most sensitive concepts easily reach and surpass the implied GWB level. 
• This means the GPTA can potentially perform as well as radio PTAs in many 

scenarios, because the GWB itself limits sensitivity!

Kerr, Wadiasingh+2026, ApJL



Concepts and Results

14

• Most concepts can detect a bulge 
population, potentially resolving the 
mystery of the Fermi Galactic Center 
Excess 
– Secondary: understand the origin of 

the MSP population also possible. 
• The role of the PSF is especially 

important for sensitivity given the 
diffuse emission in the galaxy

Concept 4 
– “VLAST”

Concept 5

Concept 8 – Mega 
Gamma Supreme

Kerr, Wadiasingh+2026, ApJL

Green pts = Fermi-LAT
Blue pts - forecast disk pulsars



Concept 8 – 
Mega Gamma 
Supreme

 

30X LAT Grasp

1/3 PSF


Detect 
thousands of 
pulsars to the 
edge of the 
Galaxy

produce aligned rotators (e.g., M. Sautron et al. 2026), the
number of true MSPs will be underestimated from the
normalization of the GCE luminosity. This can be assessed
with detailed light curve 6tting (or even phase resolved
spectroscopy and polarization) of a detected GC MSP
population, enabled by a future γ-ray instrument.

Finally, we have made a major but conservative assumption
that no additional emission components become apparent at
MeV energies, e.g., from secondary resonantly -excited e± pair
synchrotron emission (A. K. Harding et al. 2021). The form of
pulse pro6le shapes in this MeV regime is also not known,
which may impact detectability. However, extrapolation of
spectra from NuSTAR observations suggests some energetic
MSPs may have pulsed MeV components (E. V. Gotthelf &
S. Bogdanov 2017), compatible with such pair synchrotron
emission (similar to that seen in young energy pulsars such as
the Crab). Thus, an observatory with MeV capability may, in
practice, detect and time many more MSPs than we forecast
from extrapolation of GeV curvature radiation from primaries.

B.3. Modifying the γ-Ray Luminosity Function
Because there are no observational constraints on the γ-ray

emission of low-E pulsars, we also considered a modi6cation

of the γ-ray emission model, speci6cally the transition of the
limiting cutoff energy from the radiation-reaction-limited
regime to the voltage-limited regime. If the latter cutoff
energies are increased, e.g., by raising the fraction of the polar-
cap voltage tapped ηPC, then the “knee” where Ec transitions
moves to lower values of E , and the ef6ciency of MSPs with
E values around 1032 erg s−1 will increase. We checked the
impact of such a modi6cation by evaluating the scenarios with
ηPC = 0.65 (instead of 0.4), which moves the knee down by
about a factor of 3, to 1032 erg s−1. However, the change in
logN-logF only begins to become apparent around

10 14=F erg cm−2 s−1, which is below the threshold of
any of the GeV concepts presented in this work (see Figure 6).
Consequently, there is little sensitivity of the results presented
here to the speci6c formulation of the γ-ray emission
mechanism below the range that is calibrated by the observed
γ-ray MSP population.

Appendix C
Additional Population Plots

Figures 10 and 11 show MSP detections with C8, which has
AΩ = 30 and a PSF 3 × better than LAT.

Figure 10. As Figure 9, but showing detections for C8 (and C1).
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Pillar 2: Testing untested nonlinear QED 
processes with Photon Splitting (in 

magnetars)



Magnetars are the most magnetized objects we 
know of

Many exotic untested QED processes occur in this regime


Electron states are relativistic and quantized
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Phenomenology 
and Processes in 
Magnetars

Applicable to Magnetar Bursts


Magnetar Hard Tails

Credit: MG Baring



Photon Splitting and Pair Creation Rates

"  Splitting rate calculated originally by Adler (1971); see also 
Papanyan & Ritus (1972); Stoneham (1979), Baier et al. (1986); 
Weise et al. (1998); Baring (2000).


Baring & 
Harding (1997)

1/RNS

                             photon splitting              pair creation


εγsin θkBPhoton Energy

1 MeV

Process 
efficiency

B = 1  
→4.4x1013 G



electron energy). In addition, QED-speciLc behavior such as
the dominance of ground-state transitions, where electrons
preferentially emit a single photon with nearly all its energy, is
not captured in a classical treatment (A. K. Harding &
R. Preece 1987). For pairs in lower Landau states, n < 20, we
use the exact cyclotron emission rates; for pairs in higher
states, we use the asymptotic formula (A. A. Sokolov &
I. M. Ternov 1968; see also the Appendix of A. K. Harding &
R. Preece 1987). The rates for cyclotron emission in the
“circular” frame where the electron momentum is perpend-
icular to B are computed and stored in tables as functions of
local magnetic Leld, electron initial and Lnal Landau state and
Lnal photon polarization for interpolation by the MC. Like-
wise, the asymptotic synchrotron emission rates are stored in
tables for local magnetic Leld, initial electron energy and
Landau state, and Lnal photon energy and polarization. These
rates are time dilated in boosting from the circular frame to the
magnetospheric rest frame. We assume that the photons are
emitted in the electron orbital plane (perpendicular to the
magnetic Leld in the circular frame), which is a good
approximation for electrons with relativistic energies in the
laboratory frame. The emitted photon azimuthal directions are
assigned randomly. After emission, the photon energy and
direction are transformed to the OF by applying standard
aberration formulae for the Lorentz factor of the radiating
electron.

2.5. Description of Monte Carlo Code

We assume a single primary electron of initial Lorentz
factor γ0 travels around one closed Leld loop of a mat-
spacetime dipole Leld, deLned by the maximum radius, rmax, of
the loop in units of NS radii, R, as shown in Figure 1. The loop
is in the dipole x–z plane, the f = 0 meridional plane. The
electron emits RICS as described in Section 2.1 and the
spectrum from each step is divided into a number of energy
bins. A single photon having the average energy of each bin,

weighted by the number of RICS photons in that bin, is
followed in a straight line path in the direction of the radiating
electron (the tangent to the local Leld at that point). In the
present calculation, we ignore general-relativistic (GR) effects
which can affect the photon mean free paths (A. K. Harding
et al. 1997; S. A. Story & M. G. Baring 2014). As the photon
propagates through the curved magnetic Leld, the mean free
paths for pair production (pp) and photon splitting (sp) are
accumulated independently,

( ) ( ) ( )=s T ds, , 11
s

pp,sp
0

pp,sp kB

which determines the Poisson probability of whether the
photon pair produces, splits, or escapes,

( ) [ ( )] ( )=P s sexp , 12surv
pp,sp

pp,sp

where s is the distance along the photon path from its emission
point. For the initial RICS photons, the photon pair produces
or splits when /<P e1surv

pp,sp , since only a single photon
represents all photons in that energy bin. For the higher
generations of split photons or synchrotron photons, their
outcome is determined as follows: when the product of the
splitting and pair production survival probabilities,

> RP Psurv
sp

surv
pp

1, where R1 is a random number between 0
and 1, the photon escapes; if not, then the probability that the
photon survives splitting but not pair production is

( ) ( )/=P P P P P1 1surv surv
sp

surv
pp

surv
sp

surv
pp . If >P Rsurv 2, where

R2 is a second random number, then the photon pair produces;
otherwise, the photon splits.
When a photon produces a pair, each member of the pair

emits a series of cyclotron or synchrotron photons (if that
particle is not initially in the ground Landau state) until it
decays to the ground state. Since the SR decay rates are much
higher than the RICS loss rates, we assume that all of the SR
from each pair is emitted at its production point. We do not
follow any RICS radiation from the pairs, as their parallel
Lorentz factors are generally low and the multiplicities are not
high for cases when RICS energy losses are included, as will
be discussed in Section 3. However, for cases when RICS
energy losses are not applied, the multiplicity is much higher
and RICS from pairs, and the cascades from that radiation,
would be important. When the photon splits, the daughter
photons are assumed to have the same direction and energies
chosen by Equation (10) above. Each synchrotron and split
photon is followed to determine if it pair produces, splits, or
escapes, in the same way as for the RICS photons, through a
call to a recursive procedure that can follow an arbitrary
number of photon generations. The weights from the initial
RICS photons are preserved through all the cascade genera-
tions. Depending on the local Leld strength, photons of either
polarization mode can pair produce or only ∥-mode photons
pair produce if splitting dominates near the NS surface. The
cascade from each primary particle step develops until all
photons escape the magnetosphere. In practice, escape occurs
whenever either the photon radius is greater than 108 cm or the
local magnetic Leld is B < 10−4 Bcr.
All photons are accumulated in energy, polarization,

viewing angle, and radiation type (RICS, synchrotron, split),
with unattenuated and attenuated spectra accumulated sepa-
rately. All pairs are accumulated in an array that speciLes three
quantities: the Lnal ground state (parallel) energy after SR, and

z/R

x/R

e-

e+

e-!∥

!"
!∥
!∥

Figure 1. Schematic of a pair cascade initiated by primary electrons traveling
along a closed dipole meridional Leld loop, emitting resonant inverse
Compton scattered photons with both ∥ (red) and ⊥ (blue) polarization.
Photon and pair trajectory segments are not to scale.
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Open questions: 

Where and why do magnetars 
cutoff around 0.1-1 MeV?


What is the strong-field nature 
of the quantum vacuum?


What photon modes split? 
Where?


Do the modes follow those 
allowed in the weakly dispersive 
limit of QED or that by CP 
symmetry?
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Figure 2: Spin-phase resolved model RICS spectra of a generic magnetar (at arbitrary normal-
ization) overlaid on phase-averaged data for 4U 0412+61 along with a PL with exponential cutoff
at 350 keV in dotted green. The RICS emission is anticipated to be highly polarized and spin-
phase dependent. The model emission is computed for surface photons of temperature 5 ⇥ 106 K
scattered by �e = 10 � 101.5 electrons uniformly populating field bundle from magnetic footpoint
colatitudes 12� 45� for Bp = 10Bcr. Left: Instantaneous observer impact angle (for a particular
spin phase) of ✓v = 30� with respect to the magnetic axis µ̂; Right: ✓v = 90�. Bottom panels:
Signed polarization degree, highlighting the spectropolarimetric signatures of resonant Compton
scattering attenuated by magnetic photon splitting (PS) and/or magnetic pair production (PP).

• exploring activation of magnetar magnetospheres following burst-active episodes relative to
long-term relaxed conditions, thereby informing magnetar energetics and wind properties.

Enabling these insights advances our understanding of magnetars and their relationship to other
neutron star varieties. Yet the science reach extends to GRBs, ULXs and FRBs, each with possible
magnetar connections.

2 Details: State-of-the-Art Magnetar Models & Pertinent QED Processes

Soft X ray photon densities and magnetic field strengths are high at low altitudes, and so there the
dominant energy loss mechanism for electrons is RICS, which may be regarded as cyclotron ab-
sorption followed by spontaneous re-emission, preserving the electron in the ground Landau state.
In the Thomson limit, the maximum upscattered photon energy (in units of mec2) is �e(B/Bcr) ⇠
�2
e ✏s while it is �e in the Klein-Nishina regime, for electron Lorentz factor �e, and surface ther-

mal photon energy ✏smec2 ⇠ 0.1 � 3 keV. The conditions for resonance are always satisfied in a
thermal photon bath47. In high B & Bcr fields, a full QED treatment is necessary for cyclotron
lifetimes, RICS cross sections and scattering kinematics50;54;55;56. As in Thomson scattering, RICS
generates distributions of photons with high linear polarization degree. The field direction (and
electron momentum distribution) breaks spatial symmetry and acts as an optical axis. The ? (X,
extraordinary) and k (O, ordinary) mode are defined as the electric field vector k or ? to the plane
containing the outgoing photon kf and magnetic field Bloc vectors, respectively. There is an as-
sociated energy-dependent Doppler beaming cone for electrons in the magnetosphere; the highest
energy RICS photons are sampled for electrons viewed head-on by an observer, corresponding to
lines of sight that are tangent to local field lines. Therefore, different viewing angles with respect
to the magnetic axis sample different electron populations and beaming geometry. The upshot is
spin modulation, i.e. (polarized) pulsations, if the spin and magnetic moments are misaligned.
QED Propagation Effects: Magnetar magnetospheres are opaque to high energy photons, so that
above the pair threshold around 1 MeV, pair creation strongly dominates the photon opacity. Dis-
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IS PHOTON SPLITTING THERE OR NOT? WHAT MODES OF PHOTON 
SPLITTING ARE REALIZED?

Wadiasingh et al. 2018, Hu et al. 2019, Wadiasingh et al 2019, Wadiasingh et al in prep
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Figure 2: Spin-phase resolved model RICS spectra of a generic magnetar (at arbitrary normal-
ization) overlaid on phase-averaged data for 4U 0412+61 along with a PL with exponential cutoff
at 350 keV in dotted green. The RICS emission is anticipated to be highly polarized and spin-
phase dependent. The model emission is computed for surface photons of temperature 5 ⇥ 106 K
scattered by �e = 10 � 101.5 electrons uniformly populating field bundle from magnetic footpoint
colatitudes 12� 45� for Bp = 10Bcr. Left: Instantaneous observer impact angle (for a particular
spin phase) of ✓v = 30� with respect to the magnetic axis µ̂; Right: ✓v = 90�. Bottom panels:
Signed polarization degree, highlighting the spectropolarimetric signatures of resonant Compton
scattering attenuated by magnetic photon splitting (PS) and/or magnetic pair production (PP).

• exploring activation of magnetar magnetospheres following burst-active episodes relative to
long-term relaxed conditions, thereby informing magnetar energetics and wind properties.

Enabling these insights advances our understanding of magnetars and their relationship to other
neutron star varieties. Yet the science reach extends to GRBs, ULXs and FRBs, each with possible
magnetar connections.

2 Details: State-of-the-Art Magnetar Models & Pertinent QED Processes

Soft X ray photon densities and magnetic field strengths are high at low altitudes, and so there the
dominant energy loss mechanism for electrons is RICS, which may be regarded as cyclotron ab-
sorption followed by spontaneous re-emission, preserving the electron in the ground Landau state.
In the Thomson limit, the maximum upscattered photon energy (in units of mec2) is �e(B/Bcr) ⇠
�2
e ✏s while it is �e in the Klein-Nishina regime, for electron Lorentz factor �e, and surface ther-

mal photon energy ✏smec2 ⇠ 0.1 � 3 keV. The conditions for resonance are always satisfied in a
thermal photon bath47. In high B & Bcr fields, a full QED treatment is necessary for cyclotron
lifetimes, RICS cross sections and scattering kinematics50;54;55;56. As in Thomson scattering, RICS
generates distributions of photons with high linear polarization degree. The field direction (and
electron momentum distribution) breaks spatial symmetry and acts as an optical axis. The ? (X,
extraordinary) and k (O, ordinary) mode are defined as the electric field vector k or ? to the plane
containing the outgoing photon kf and magnetic field Bloc vectors, respectively. There is an as-
sociated energy-dependent Doppler beaming cone for electrons in the magnetosphere; the highest
energy RICS photons are sampled for electrons viewed head-on by an observer, corresponding to
lines of sight that are tangent to local field lines. Therefore, different viewing angles with respect
to the magnetic axis sample different electron populations and beaming geometry. The upshot is
spin modulation, i.e. (polarized) pulsations, if the spin and magnetic moments are misaligned.
QED Propagation Effects: Magnetar magnetospheres are opaque to high energy photons, so that
above the pair threshold around 1 MeV, pair creation strongly dominates the photon opacity. Dis-
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1 MeV

Requirements: soft gamma-ray 0.1-10 
MeV spectropolarimetry with large 
effective area reaching ~10-13 erg/s/
cm2 in few years



Takeaways
• Large 0.1-10 GeV gamma-ray telescopes can be gravitational wave detectors 

with guaranteed compelling and fundamental science about our universe


• Fermi-LAT has begun detecting the a GW background. It was never designed 
as a PTA — much subsequent design mission/optimization possible


• Anisotropy searches/measurements scale strongly with number of pulsars for 
which a gamma-ray PTA is highly suited for 


• Of course, a very capable MeV-GeV gamma-ray telescope will also be 
extraordinary for all other areas of astrophysics


• Meanwhile the ~1 MeV regime can answer fundamental questions about 
quantum electrodynamics

Image credit: Danielle Futselaar (artsource.nl)


