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Explain the high-energy spectra and light curves
of pulsars, in gamma-rays and X-rays.
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The model adopts an effective, but physically- '
based approach, versatile enough to: 4

PROTONS

* Fit the entire population of pulsars T A Goldreich &
* Test different emission regions R Julian (1969):;
* Add/test new physics | Spitkovsky
" (2006)]
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Motivation

® THE INSTITUTE OF SPACE SCIENCES (ICE, cSIC] )

e Models aim to fit data of the gamma-ray emitting pulsars released in the 2PC and
3PC (in the latter, fewer spectral bins!)
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e Our goal is to reproduce observational data with a model that contains simple but
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realistic physics and is computationally affordable
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e We follow the dynamics of the emitting particles, ruled by electric acceleration and
synchro-curvature losses and with two free parameters involved: Ey, b

e Solving the equation of motion gives the evolution of the relativistic momentum
and of the Lorentz factor I' and pitch angle a

—> -”‘”"':_a _ -—-N - - 7 ?:t'-_ I S W,
pla -5 W S
s -
E} e
&)
NS [Vigano et al. 2015, MNRAS, 447, 1164]
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e The equation of motion of charged particles balances electric acceleration and
synchro-curvature losses
dp - .
— = ZEE| b— (FPs/v)p p=I'muv

At [Vigano et al. (2014)]

e \We solve it numerically, considering separately the components parallel and
perpendicular to the trajectory
d(p cos a) % d(psin «) P..

—Z£E| — COS (¥ = — SIN
dt v dt v

e Local magnetic field strength and curvature radius are parametrize in an effective

way: b A\
B =B, (i) re = Ric (; )
T lc
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Spectral model: particle dynamics wf? |/ ASTROPHYSICS

e Power of synchrotron and curvature radiations depend on the Lorentz factor ' of
particles differently

1 . . 2 .14

2 (Ze)*B*(I'? — 1)sin? a P 2(Ze)=cl

Peyn = 3 3.3 T3 2
rN103 ero?
‘...I -—-* -u/' — ‘_*_ Moy,
—> "5 N . R ———
f\f k- %-.,*M
B
E))
NS [Vigano et al. 2015, MNRAS, 447, 1164]
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e Single-particle synchro-curvature power spectra:
e r 1
= 1+&+ 25
d Py \/’g(ZE)ng - e cos? o ( Te )
— l+z2z)F(y)—(1—-2z)K .
dE 4ﬂ_ﬁreff |:( _I_ ) (y) ( ) Qfg(yj} — {.QETL‘-’II
E
V=
E._cm‘ln {1_3 2 E}
Synch t . P, = 2(Ze)’Te - re T
e Synchro-curvature power: se — 32 Jr B - % ﬁ{.‘QQFS
[Cheng & Zhang (1996), Ks/3(y)dy
Vigano et al. (2014)] ?"c sin? o

Tgyrﬂﬂﬂzﬂz
[ B B I B BN I L
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Spectral model: emission “f?ASTRW“YS'CS

e Synchro-curvature formulae gives the emission of the particles all along the
trajectory, which convolved with an effective particle distribution gives the total

radiation from the emission region

e \We produce theoretical spectra with just three free parameter (E, b, Xo) and a
normalization factor

rN 1 03 rN 1 0?

‘1‘“"""""‘” o ‘ """;I_I:"" — ”h‘".-.,J.I:”m: __*_'
—> 3“& g — -—-N - ;i:"a:_ .5:17'\' """" W,
o0 -

- .‘ -

B
B
NS [Vigano et al. 2015, MNRAS, 447, 1164]
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e Convolving the single-particle power spectra with an effective particle distribution,

di'\.'T T E_{T_Tmiﬂ}frﬂ
dx

— i“lﬁ'l ]

ID(]_ — Ej_(x?nar_:rmiﬂjfrxﬂ)

We obtain the total emission from the region:
dP,ot /-’fw dPy dN |
— T
dE . dE dz

min

[Cheng & Zhang (1996),
Vigano et al. (2014)]
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[Vigano et al. 2015, MNRAS, 453, 2599; Inlguez Pascual et al. (in prep.)]
. 10:’5 (Log Eylog xo/Re.b)=(8.91,-3.10,2.50) J1028-5819 035 (Log Eylog xo/R,..b)=(8.62,-1.77,2.50) J0030+0451

e The model successfully fitted o A

the 117 gamma ray-pulsars on = 3 107

the 2PC (Abdo et al. (2013)) 2 107 T o

and the ~300 gamma-ray pulsars .. R

on the 3PC (Smith et al. (2023)) . A *HH o m+++.+

107 10* 10° 10° 10' 10" 02 10* 10°  10° 10" 10"

Energy [eV] Energy [eV]

o A relevant SynChrOtron (Log Eylog xo/R.b)=(7.90,-2.09,2.50) J1135-6055 10** = (Log Eplog xg/Re.b)=(9.51,-2.54,2.50) J2043+1711

. . . T 10% T
contribution is needed to . ? ‘
match gamma-ray spectra, g v
implying that synchro-curvature z R e
radiation Is an appropriate i . o
mechanism to explain the - S T T
emission from these objects T e T S LR,

Energy [eV Energy |eV
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Spectral model: particle energy distribution ﬁf | ASTROPHYSICS

e Lorentz factors I typically range from 10° to 107,

Particle energy distribution, J0205+6449
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® THE INSTITUTE OF SPACE SCIENCES (ICE, cSIC] )

Particle energy distribution, J0218+4232
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Spectral Fitting  Torres etal. 2019, MNRAS, 489, 5494 % ASTROPHYSICS
Coti Zelati et al. 2020, MNRAS, 492, 1025; o or e s e s

Ifiguez-Pascual, Vigand & Torres 2022, MNRAS, 516, 2475]

10% = (Log Eylog xo/Riob)=(8.42,-2.86,2.86) J0007+7303 10% 1 (Log E”.Lc)f; xo/R’,C,b)=(10‘.80.—4.06.3.75;) \J(;218+4232 |
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Geometrical model

COSMIC RAYS - COMPACT OBJECTS - RELATIVISTIC ENVIRONMENTS

® THE INSTITUTE OF SPACE SCIENCES (ICE, CSIC)

e The inclination angle and the meridional extent define the geometry of the emission

region o

W

y
X

[ I T O B N NN R I I R R
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Emission maps and light curves

e We build emission maps, from which light curves are obtained

Viewing angle, 6,

[ I I N OB N NN R
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Viewing angle, 8,
o
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e Fitting synthetic light curves to observational ones, concurrently to the spectral flttlng
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[Iniguez-Pascual
et al. (in prep.)]

............................................................................
Y

[ I I I B O B IR
CSIC 1e€ec” Daniele Vigano - 16



2 MULTIMESSENGER

Light curves Fitting i&f | ASTROPHYSICS
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e Fitting synthetic light curves to observational ones, concurrently to the spectral flttlng
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150+ —— Observational 20000 —— Observational
—— Syntihetic —— Synthetic
> 100 ‘ > 15000 1 (
: 2 ;‘
I3 |3 100001 A |
£ 50; = ’ \
5000 - | s
01 whisdmatY | N L
E Zj bttt : h”li’ e g ,“}',,* ,},**v e a4 g 01 —= e -F-H:-ﬁ- I
B HHH i *Hl‘}{}*** ’ } f{*m{ﬂﬂ{*ﬂﬂﬂ‘mi n *+i +*}H *Hﬂf}ﬁ NH* | 2 -7
$-5{_ W ‘ , , $-200{ . | | | |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Rotational phase Rotational phase
[Iniguez-Pascual

et al. (in prep.)]
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L A A A contributions at:
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T R UTT R Y et MG d = — i“\.ITD e l _(Lti-na,x_T ; :';ILEI:]
10° 108 107 108 10° 1010 10" o b ‘]'_.D( — mrin t, )

Energy [eV]

Without this "weight", the spectra would be basically the single-particle spectra (uniform), which

have a fixed slope and cannot fit most of the spectra. The weight could be physically:

« A geometrical effect -> Discarded, we still need it when we compute the emission map

« The result of neglecting complications: variation of electric field along a line and across the
accelerating region, presence of backward particles, better prescription for the curvature
radius...

A result of this is that the spectra and gamma-ray light curves are substantially decoupled: the

gamma- ray Ilght curves are determlned by the geometry, with little dependence on the spectra.

[ I N O B O BN RN R
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e Our spectral model is able to properly fit the population of high-energy emitting
pulsars, showing that synchro-curvature radiation is an appropriate mechanism to
explain the emission from these objects

[Iniguez-Pascual D., Vigano D., Torres D. F., 2022, MNRAS, 516, 2475 (2208.05549)]

e The geometrical model reproduces the variety of observational gamma-ray light
curves (though, by definition, it cannot capture their small scale features)

[Iniguez-Pascual D., Torres D. F., Vigano D., 2024, MNRAS, 530, 1550 (2404.01926)]

Future prospects

e Soon to be submitted: full-sample concurrent spectral and light curves fitting

e Include more realistics physics to improve the major caveats (arbitrary weights in
the spectral model, simple recipes for electric field and curvature radius), while
keeplng our effective approach

[ T E EE ENNNMEN] " = m & a4 4 a4 a4 a4 @4 & @ & = = = = m s s E ® E & & & 4 = = = ® ® B K & & & a4 a4 @& a4 & & @& = & & a4 a4 4 a4 @ & ® ® E B & a4 a4 a4 a a4 & & & =
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