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Why MSPs ?
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Pulse Phase '

Growing y-ray pulsar class
(=50% of detected pulsars)

Sharp MSP y-ray profiles

=>» thin gaps = high pair densities

N. Renault-Tinacci

similar to young pulsars

Second Fermi-LAT Pulsar Catalog, Abdo et al. 2013
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e More compact magnetospheres :
— same B, =» similar acceleration &
radiation processes
e MSPs larger stability
e But MSPs are fainter pulsars
= spectral analyses more difficult
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b ermi Analysis sample
o o Tare
77 e 25 millisecond pulsars
2PC MSPs irh

2 6/ Studied MSPs ~ Bright
O 5 — Bright enough wrt background
S5
§ 4t e Good sampling of the MSP population
5| — Spatial (I, b)
f;’ 3 — Timing (P, Pdot)
E2 — Energetics (E, B, ...)
= | — Obliquities (o, C)
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Catalog, Abdo et al. 2013
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s, ermi Dataset & Analysis

amma-ray

e Data selection:

— Pass 7 Reprocessed Fermi-LAT data J1231-1411 J1311-3430
— 60 months (August 2008 — August 2013) 3-peak
— 50 MeV<E,, <172 GeV

e Fixed-count binned lightcurves :
—  Ephor> 200 MeV
— 4 MSPs classes based on morphology .

— Phase interval definition >
J0102+4839
e Spectral analysis : dome+peak
— Total emission and from phase intervals
— Pulsed flux extraction in energy bins (no
need for an input spectral shape)

e Subsequent spectral characterisation

— Power law with exponential cut-off
— SED apex energy \
— vy-ray luminosity above 50 MeV, LY dN
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Phase-resolved spectra
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b ermi Phase-resolved spectra
o o Tare
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s ermi MSP spectral sequence

Gamma-ray

/' Space Telescope S —————
e ShiftinE,  with E (and B e Softening with B, (and E)

apex
e  Curvature testing (« pairwise slope statistics », * I constant with B, rejected at >110

Abrevaya et Jiang 2003) = P_..=99,97 %
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Iogm Edot [W] I0910%Lc M
e Toy model of curvature radiation — Test with different I, _, distributions
spectra :
— From primaries near the light cylinder * Softer component required to reproduce
- p. =R, (Hirotani 2011) the evolution in the sample
8
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b ermi MSP spectral sequence
; Gar“ma'a','
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wermi MSP spectral sequence
Space Telescope
d Second Fermi-LAT Pulsar Catalog, Abdo et al. 2013 radio—to—y—ray lag
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* Multi-peak pulsars : softening when radio and l l} 15
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s rmi Different emission regions/regimes

Second Fermi-LAT Pulsar Catalog, Abdo et al. 2013

L=E
287 //’/ i§ i —._éaeséi}zixj;”
275’ %2021;4@2 T }
//ii F ¢ ¢ i% ijsosis-h{ilgs}m‘l i
— L 0 4»332/9/ i L '
E 27 i 183543:;; § % § ?i 7-6429 i}i%gﬁg?ﬁg
7265 wene gy piifp ]
© AT
S 267 s : f
o $ 7 bl %
25.5+ ) L E} % %
=0.5840.15 gree
25+ LY oc E 3P 2P e 1032} ® AT radio-loud pulsar |
(o) DP RA *?10—«24'0719 04374715 : LATrafjif)—quietpulsar
24.5— | | | 1o 1o 1o 1o o7 107 10
E (ergs™)

e Total emission

e Trend consistent with the Second Fermi-LAT Pulsar Catalog (Abdo et al. 2013)
e L, oc E=> unscreened gaps

e But:

— Multi-peaks : L, o VE = screening
— Ramps: Lv oc E =» no screening

N. Renault-Tinacci 11
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s, ermi Different emission regions/regimes
o e
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b, crmi Conclusion

Gamma-ray

/‘ Spacp Tele;mpe

¢ Need to re-think the classical picture of thin caustic gaps/wide unscreened regions
— Evolution across rotational phase of accelerating and screening regimes
e Emission from multiple regions with different electrodynamic properties
— Lightcurve = Combination of emissions from different zones of a single accelerator
and/or from different magnetospheric regions

cL g J1311-3430 - y-Ray Light Curve
e MSP spectral sequence with E : . 10" ymhay Hg
— Potential influence of radio screened screened
emission 2.4 /
— Consistent with the onset of an 2.2
additional component at lower confused
= 2F unscreened
energy c
e Synchrotron radiation of 2 1.81
primaries & 1.6-unscreened
— And/or smooth transition in E, t
3 1.4
&)
1.2
Thank you for your
. 0.8
attention !
0 0.5 1
Phase
13
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s ermi
Gamma-ray
Space Telescope

BACK-UP
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o crmi Different emission regions/regimes
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s ermi Saturation of Lorentz factors

/ SpacpTel;;lr'ope
| . T estimation from E oo ||
max estimauon rrom cut 5 " | corrections:
1/3 & | |B-LS=>P-LS
T © 2 Rro ~ B-TS =» P-TS
maxr — cut 5 =
3 hc S
= 0
. . . )
* Narrow T distribution 5 °
S
—
3} ’ ]
4.2¢ B | o . 1 . 1 . 1 . 1 .
o) 0.2 0.4 0.6 0.8 1
4 - 1 Hirotani 2011 distance along fieldline / @ -
< T |
) P
=, 3.8/ J 0
> ) T O 4
o) L
2 T =
w 3.6¢ | g
= o
O T
© 3.4 - S
g & 2
e
3.2F g
Z 11
36 9 : 0
26.5 27 7.5 28 28.5 0.8 1 1.2 1.4
N. Renault-Tinacci Iog1o ngt (W] I‘max/1 0 16



s, ermi MSP spectral sequence
/ SE’;’(:?BI'E"’" : =
38! Curvature testing | I constant with B.c |
' (« pairwise slope statistics », 2.2 rejected at >110
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_ 2> P,,=9997% = s
N » =
é 3.4¢ l = 185 1 -
. - R T |
x 3.2 5 Tl &
& S ~1.4f
w® 3 S e
= ¢ = 12 ]
8 2.87 é | /////’;//// .
2 g radio lead | £ 05 E
y-ray lead 2 Sl radio lead
2.4r radio/y-ray aligned . ©  06f ® y-ray lead ]
radio/y—ray aligned
26.5 27 27.5 28 28.5 02 04 0.6, 0. 12 14 16
|Og10 Edot [W] (id w/ B () Iog10%LC [1]] (id w/ E)

e Toy model of curvature radiation spectra: < For the Slot Gap (Harding et al. 2008) or

— From primaries near the light cylinder Outer Gap models (Takata et al. 2008)
— P =Ry (Hirotani 2011)  Synchroton component (cyclotron resonant
— Test with different I‘max distributions absorption of radio photons)
e Inability of a single CR component to — from primary pairs

reproduce the evolution in the sample * For the Outer Gap (Wang et al. 2010) or the
~ WithpureCR: AE, &N FIDO models (Kalapotharakos 2014)

—> Softer component required *  Transition from E,, # 0 to E,, = 0 not abrupt

=> CR at few hundreds MeV 17
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s, ermi Accelerator/emission geometries

Gamma-ray
Space Telescope

X Kalapotharakos et al. 2012 5
e Slot Gap (Arons 1983), , Outer Gap (Cheng et al 1986, Romani
1996), FIDO (Kalapotharakos et al. 2014, dissipative magnetosphere simulations, in
current sheet) =» screened regime =» Thin gaps = L, oc VE

e Pair Starved Polar Cap (Harding & Muslimov 2004b) =» unscreened regime =
acceleration in the open field line region & CR > L < E

* Striped wind (Kirk et al. 2009, Pétri 2012) =» outside light cylinder (>5 R,¢), synchrotron, L, o< VE/P
N. Renault-Tinacci 18



s ermi Force-free Inside Dissipative Outside
/ Sg:(:\?:l::mpe
. emissivity Kalapotharakos et al. 2014
o o . e =
* Dissipative magnetosphere Il . = emitting regions
trajectories in the producing the 95%

inertial frame of the total emission

e Time-dependent Maxwell equation numerical ;

resolution
— Ohm’s law relating current and EM fields

i EAB v
=Cco——+0

Prvp T
- oOis fixed

— Curvature radiation

* Increasing o =» decreasing E,| =» longer acceleration
distance =» outer magnetosphere emission

e To reproduce Fermi-LAT observations
— FIDO, force free inside, dissipative outside
— Current sheet emission

e In reality need a variable o (Philippov 2014)

N. Renault-Tinacci
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Gamma-ray
Space Telescope
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P1 Trailing

BRI Bridge
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P2 Leading

P2 Core

P2 Trailing
N. R

Spectral behaviour across phase (multi-peak)
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/
s crmi Why “phase-resolved spectroscopy’”’ ?
ST e
e Special relativistic effects = phase shifts (Morini 1983)
— time-of-flight delays, light aberration
— retardation of magnetic field

N,
.‘\\\‘S‘-“

—_
N

Emission on leading field lines
e spreads out in phase

e arrives at inertial
observer at different
times

SN

=\

R

SSNC G

SN
=
]
N

N

——
=5

S
=

CEIT TN

Emission on trailing field lines
e bunches in phase

e arrives at inertial observer
simultaneously

N\ \
\

—~ N
S N\

e

One pole

e Peaks = caustics

e Phased resolved spectral analysis
— mapping (in a complex way)

Slot Gap processes with altitude and azimuth

21
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s ermi

Gamma-ray

/ Space Tple»‘.mps‘

Peak
characterization

Analysis protocol

Ephemerides

Effective IRFS for

Fermi-LAT data
components spectra

—

Phase resolved
intervals definition

Light-curve analysis [€—

Photon phase
folding

2 iterations
IRFs recalculation with

Data :
* 60 months
e 50MeV-172 GeV

2 iterations
IRFs recalculation with
previous step spectral
results

Spectral
characterization

N. Renault-Tinacci

* ISM
*  Extragalactic background +

instrumental residuals
Q0°-wide peripheral band

65°x25° square region template maps
*  Point source at pulsar position
* Nearby point/extended sources

previous step spectral

results
Phase averaged
spectral analysis

Phase intervals
spectral analysis

202 spectra
(phase averaged
& resolved)

Off-pulse definition

Spectral analysis :

* Binned maximum likelihood estimator with
Poisson statistics

* Fitin each energy band independently

* |teration = no analytical spectral shape
assumption

22
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Dataset & Analysis

e Data selection:

e Fixed count binned lightcurves :

Pass 7 Reprocessed Fermi-LAT data
60 months (August 2008 — August 2013)
50 MeV<E, . <172 GeV

J1231-1411 J1311-3430

3-peak

phot

Photon selection

E o> 200 MeV
¢ 9phot < e68%(Ephot)
e 30o0r 50 bins 05
— 4 MSPs classes I?ased on mc.)r!ohology 10102+4839
— Phase resolved interval definition
dome+peak

e Spectral analysis method :
— Binned maximum likelihood estimator
with Poisson statistics
— Fitin each energy band independently
— Iterations =» no analytical spectral shape |
assumption ' -

|
0.5

e Spectral charactrisation N EY E
— Bivariate maximum likelihood estimator=> Spectral shape : E=N A exp F
0 cut

— Local quadractic regression (%?)

N. Renault-Tinacci 23
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Gamma-ray

/ Spa(e Tele&cope

The Fermi-LAT era

e Pair conversion y-ray space telescope *
o *
launched in 2008 : * il . *
*
— Large FoV : 20% of the sky at * e ek, Wi o ¥
. * *
any instant R e - o o > 5 SO
—  Full sky coverage every 3 hours 2 R A 2 ”*K*I‘::M Many o *** ;
— Energy : 20MeV - 300 GeV XL MR S s o
** : -
* * *
* *
10_10 el B T - x ***
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Rotation Period (s)



