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The Crab system : multi-wavelength emission

The Crab nebula : oty :
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The Crab in high-energy gamma-rays : particle acceleration

Buhler & Blandford 2014 High-energy y-ray regime :

(+ references within)
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Fermi-Large Area Telescope : decade-long monitoring

Fermi

Gamma-ray Space Telescope

Fermi-LAT public available photon data and spacecraft files,

|
analysed with Fermitools & fermipy: Jse00 _ 182° _
Configuration Selection L0083 0NSH -
24°00'
Event time range August 4™ 2008 — August 4™ 2021 - 13-yr monitoring! .
PEMIVE 5 :
Energy 50 MeV - 500GeV — dominant radiation process . 208
[ T 22°00" ™ i o g
10 bins / decade turn-over range 8 "
FoV 20° x 20° around the Crab 210" N
1.0
ROI Fitting all sources within 10°
20°00' . los
Filter (DATA_QUAL>0) && (LAT_CONFIG==1)
+ Energy dispersion correction i ) e —
RA
Zenith angle 90° max (fo account for Earth’s limb)
Month-long energy-stacked raw event sky map
Event class 128 (type : 3, front + back events)
IRFs P8R3_SOURCE_V2
Csislaane AFGL-8yr - spectro-morphological model for the Crab with
Templates Galactic diffuse + isotropic 3 ComponenTs (] pulsor +2 nebUIqr)
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Fermi-Large Area Telescope : decade-long monitoring

Fermi

Gamma-ray Space Telescope

Fermi-LAT public available photon data and spacecraft files,
analysed with Fermitools & fermipy.

BUT

Bright HE pulsar emission is dominant w.r.t
synchrotron (SYN) and inverse Compton (IC) nebular components,
especidlly for < 10 GeV ranges

— need to “gate” the pulsar emission
by selecting the events that are in the "OFF” pulsar phase

Public Jodrell-Bank Observatory ephemerides
— tempo2 time analysis
+ account for both {pre & post} pulsar glitching epochs

Pulsar
rotational energy | steadily due to braking We proceed by selecting (conservatively)
BUT ONLY the events
sudden powerful T have been observed : in the (0.53 - 0.87) pulsar phase range

— pulsar emission negligible

31 glitches in the JB catalogue for the Crab
— 6 during our Fermi-LAT observation span 05/17
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Time-averaged spectral energy distribution &
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Time-averaged SED &
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Light curve : energy flux &

+ '| _monfh binning TS > 9 else 95%ULs

IC component set to best-fit value from t-averaged SED & SYN component thawed

Bayesian-block analysis applied on{1:3:5;7;14; 30 ; 365} day-bin LCs

18-6-2009 14-3-2012

9-12-2014 4-9-2017 31-5-2020

._.
<

Energy flux ®¢ [MeV cm™2 s71]

55000 56000

57000 58000 59000
Time [M)D]

Previously reported flaring windows
(7 flares fromm Mayer+15, Rudy+15)

— also in agreement with Yeung+ 19, Arakawa+20, Huang+21
Crab flare studies

- mean ¢E ~ 3.7 104 MeV. cm-2.s"

- median CIDE ~ 3.3104MeV. cm-2.5"
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Flare characterisation : light curve &
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Bright flares : April 2011 &
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Bright flares : April 2011
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Bright flares : April 2011 &
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Bright flares : April 2011 &
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Bright flares : April 2011
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Bright flares : April 2011 &
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Bright flares : April 2011
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Bright flares : March 2013 aftermath
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Flare characterisation ;: energy distribution

E[Mev]

10

complete t-averaged SED
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Investigations for (here 7) flaring windows

Differences for :

- Pre and post flaring epochs show frends
- Duration of flaring event
- Variability scale

- Features within a given flare window :
“flare sub-structures”
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Timescales &
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Timescales
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Frequency domain
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Time-averaged total SED : emission states
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Time-averaged total SED : emission states &2
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Time-averaged total SED : emission states

E2 dN/dE [erg cm~2 s71]

10—9 ]

10—10 ]

10~ 11 |

10~ 12 |

SYN + |C

~1277 doyé

(~28% sampled emission)

\f\_ S¥N & |C components ||
N for Completet overoged SED |

Complete :
Unabridged emission in
the OFF phase

State selection :

Faint
$. < 2e-4 MeV.cm?s'!

(< 1/2 mean flux )

102

103 105
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Time-averaged total SED : emission states

E2 dN/dE [erg cm—2 s71]

10—9 ]

10—10 ]

10~ 11 |

10~ 12 |

~4m fdoysf

(~91% soampled emission)

e —

“N._| SYN &1 comporients | | | [’
\-\. for Complete t-averaged IED

Complete :
Unabridged emission in
the OFF phase

State selection :

102

103 105

Intermediate :
¢. < be-4 MeV.cm?s'!

(< 3/2 mean flux)
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Time-averaged total SED : emission states

SYN +IC
i —— SYN + IC | Faint
m IR _ IHEER :—SYN+IC|Intermediate
oo —— SYN + IC | High
Ve = = B s R R 1 5 SYN + IC | Complete
IA\H-I inall I I I N I I I N I - - : :
7
Nm 10—10_
|
=
v
>
2,
S
—11]
> 10
o
L1 1T T TT1 NS | SYN R components |
// [ [ T 11111 ' \\ for| Complete t-qveraged SED] ||
10_12' é/'g/iiii I T N I S S - - I \'\. I T
1 O A
NN
\.
102 103 10 10°
E [MeV]

Unabridged emission in
the OFF phase

State selection :

Faint
$. < 2e-4 MeV.cm?s'!

(< 1/2 mean flux )

¢, > 6e-4 MeV.cm?s'!
(> 3/2 mean flux)

Intermediate :
¢. < be-4 MeV.cm?s'!

(< 3/2 mean flux)
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Time-averaged SED : synchrotron emission states

SYN/IC comp
“turn-over"

E2 dN/dE [erg cm—2 s71]

10—9 ]

10—10 ]

10~ 11 |

10~ 12 |

1 eV

Hardening of the SYN component
~during bright flaring events
e e e e e e
contribution of intermediate states beyond
-SYNburn.-off. [ 111 -

| o —"—
——r— L. T e s s L. I 1

- ] ]
1 LT —

Complete :
Unabridged emission in
the OFF phase

State selection :

Faint :

(< 1/2 mean flux)

(> 3/2 mean flux)

Intermediate :

(< 3/2 mean flux)
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Flares : unraveling origin(s) and acceleration mechanism(s) ?

Open questions :

o Origin of the flares? Universality ?
o Acceleration site

(light-cylinder vicinity, inner-knot, close to TS, shock interface?)
o Which mechanism at play for the short-timescale variability?

Models rely on system conditions
(B-field strength, bulk Lorentz factor, topology, anisotropy, ...)

i ) I —6 :_ T \= E .
. ? Inductive acceleration model S a2 e
L - .
Kirk & Giacinti 2017 E E
> BO531+21 ]
Drop in p_ with R E
— possible origin P
: of “inductive” spikes oot
| via low-density pockets 895 060 E
injected radially as a beam b v
! by the PW into the PWN e e ey

? High Doppler boosting

(relativistic beaming downstream)
e.g : Komissarov & Lyutikov 2011, ++

? Magnetic reconnection in the PW + boosting

i.e: Kirk 2004, Ceruttiet al 2013, ++

Ne

Reconnection

? Acceleration in TS + 2-zone model

? other

rim shock

= arch shock

Mach belt | torus

wck_/
rim shock

6717
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The flaring behaviour of the Crab system in HE y-rays

/ - - \ 1 "
// Stud)cl: ba:islv :ln th? 1.3-yza:-lo:\gdmonltor|ng of S \I Florlng behaviour:
ra emission detecte - Paper in prep . ; . .
|
| in (50 MeV — 500 GeV) : T Not driven by a single
! * Gated pulsar emission with observed glitches taken into account ! mechgnism?

| * Spectro-morphological model of both nebular components i
: * Investigation for day-week-month timescales via Bayesian analysis |
* Power spectra examination for selected flux-level samples

\ & samples of candidate flaring epochs I - flore ChOrGCTerISTlCS
N e pointing fo different

~ 34 candidate flaring windows (2008 - 2021) observational signatures!

Interpretation relying on the observed y 44 ) r

energy-dependence and time variability of the synchrotron associated emission < } 4
g S
— intense flaring contributes to the unabridged Crab PWN spectrum ? :\
— possible nebular origin of the flares ? <
(- acceleration ~ TS and anisotropic injection then cooling in the PWN?)
17 /17
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The flaring behaviour of the Crab system in HE y-rays

Study based on the 13-year-long monitoring of Crab PWN emission detected in (560 MeV - 500
GeV):

Bayesian analysis + screening yield —»

~ 34 candidate flaring windows (2008 - 2021) with :
-7 /7 pre-reported « Mayer+15, Rudy+15 and ref therein (pre-20195)
-6 /7% small-flares « Arakawa+20 (pre-2015)
-7/ 8" flares « Huang+21 (pre-mid 2019)
-7 /7 dimming-staftes <« Yeung & Horn 2019 (pre-mid 2018)

4 )

Interpretation relying on the observed
energy-dependence and time variability of the synchrotron associated emission

\_ J

B
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Light curve : time-dependence

T: 22-8-2008 30-11-2008 10-3-2009 18-6-2009 26-9-2009 4-1-2010 14-4-2010 23-7-2010
[
31072 -
= — = =
: + S +$F% *‘ﬁf* = +‘*+ = +~1~H~‘ %++T++ - ey g e _ﬁi—”ﬁ M s
3 gt k2 ot e Lkibhﬁﬁw S SPLE CLS S FEE ;[_d-ﬂgt =
2 107 54700 54800 54900 55000 55100 55200 55300 55400
= Time [M)D]
7': 31-10-2010 8-2-2011 19-5-2011 27-8-2011 5-12-2011 14-3-2012 22-6-2012 30-9-2012
i
2 1073
= I = =]
3 T . B S + H \ + Fr s
N — T ey
T 107 . o |
<t 55500 55600 55700 55800 55900 56000 56100 56200
] Time [M)D]
T‘: 8-1-2013 18-4-2013 27-7-2013 4-11-2013 12-2-2014 23-5-2014 31-8-2014 9-12-2014
T‘E e
3 1072 *-‘P ' e T ==
= o ;‘T_‘TJE,E T ey = ==
é” + +£ dj; — = ’:I%P‘_F—_r‘:b:h:}: i = —l~++{—{+—]—‘+ﬂ :lfl:\ =+ 1 =5, ++
3 - = +, R + +- F—h
— i i T
E 107 56300 56400 56500 56600 56700 56800 56900 57000
B Time [M)D]

+ 1-week binning

mean ¢_~3.5104MeV. cm-2s’ Time window selection

, +
Bayesian blocks L
binning
flaring windows (pre-2015) — flare features : time-dependent behaviour
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Fermi-Large Area Telescope : decade-long monitoring

Fermi

Gamma-ray Space Telescope

PSF descriptions from

(50 MeV u 500 GeV)

- - - 68% containment radii
below ~80MeV — > 3° PSF

Fermi-LAT public available One of the aims of our study :
photon data and spacecraft files : “characterise the

e-dependence of
the synchrotfron Crab flares”

Some technical notes
Event fime range :

th _ th - itori |
from August 4™ 2008 — August 4™ 2021 — 13-year monitoring! llustration of

the point spread function (PSF)
dependence with energy —

PSF [sr™]

FoV : 20 deg x 20 deg around

Energy binning : 10 bins / decade

3 spectro-morphological components for the Crab
(1 for PSR + 2 for PWN) Fermitools ; v1.2.23

Pass 8 data : P8R3 fermipy 1 v0.19.0
fempo?2 : core code with fermi plugin

Event class : 128 (and type : 3, front + back events)
IRFs - P8R3 SOURCE V2 Galactic diffuse emission template : gll_iem_v0O7.fits

. Isotropic spectral template »iso_P8R3_SOURCE_V2_v1.txt
Apparent zenith : 90° max

(selection to account for the Earth’s limbo) .
Fitering  : (DATA_QUAL>0) &8& (LAT_CONFIG==1) 4FGL -8yr catalogue +ollpsc_v21.fif
Energy dispersion correction enabled

Tsirou et al — y 2022 Assessing the flaring behaviour of the Crab PWN system in HE ranges | ID 365


https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/overview.html
https://github.com/fermiPy/fermipy
https://watermark.silverchair.com/mnras0372-1549.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAtcwggLTBgkqhkiG9w0BBwagggLEMIICwAIBADCCArkGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMvmme0xrN_Ni9WQQrAgEQgIICitf0Ntp6ER5rjywAZPlGdSudfrSnx9GYGTDF-8IyZtBh4P5uqOKJ0IAVMkwnfwIjlumwoDUJtj0s8TpqPsWoCJcEKTNIvhTadC-zaK_5JgxuwFyO4mesQ82Ygu0UftTkCoMfjYZF4DQ3GurdXtVBNAG_X1iIIFrndq998Jnt-9ixkPFNDFsFU4rdgCkzYjikJKeVnhQsznDgTqSCMKls3vxR0WQ90mtKAyzOQIbDUyHlepDuy86s3OitpD4pZxDaT216oZrRM6369beKaxQ1_1IGAaxAKnjw0Q3B_pLvV-s3kiIApgysBnzcZHxBHsDZodKj3egxt6LVA8zDurPl4Es-2-B4RlZn_hoaDzUOz0BdqXAK2zdLzRG2phV3xwWoQmGgxx2Ck0Hou8cH43TjUmuFr__nFux_l3tfhCbxlF8PEwleOEWmVhbJb6HgVDW27mnmPrzWHI0TTitNgfktCOXMdoUuKsqIxCKkQXGKGUFjX6qAw8w9UihNtfmXBKxALeXEQWvSgxpGF5CGdMV4DjINMbuunvwZDVXN0Y26yP-fLXRlcKUwsp7btudERlTKc8nSuZkmLr8SuTsL4wsNmbS0wHTitnIIl7n8M21ooj9ndHL3_C3ikEGuToeTxZZJzvZomqE952LqdrUvyisEzQHqZmeeyHGUtIRQdbLqrz9gEAb0bgLLfHaA49IJYzMRlSQuykuyQD8qCkU5EHKDkTUP7UBqJWtBz09y0VPo_kZ6VW1Ahfs0QKHpeWhYzpbAWHJqqBil5Ve3jEG6hxrAGkcobTauNS_VeqY4UnLFUowdihb5HVnXBVMR0BIya-Vp-9U33aP40k99byDf7Pb10x-1nikXM8757xyB
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/8yr_catalog/

The Crab nebula : across the electromagnetic spectrum 8

PWN with detected emission ranging from ~ tens of MHz up to PeV photons!

107
108
e 10° |-
‘o
'E 10-10
o
2
< 10™
P
=
L 10-12
10"
104

E,<1TeV

E, =1-2PeV
E, =2-5PeV
E, >5PeV

¢ Radio-UV
o X-ray
> Comptel

=" LHAASO-WCDA

. LIHAASO-KMZA

e

10°

LHASSO collaboration et al, 2021

Tsirou et al —y 2022

(+ references therein)

10°

10°
Energy (eV)

In the last fwo decades,
yY-ray experiments have
conftributed to the discovery of
exciting and surprising features
from the Crab!

E.g:
In the high-energy range (HE)
(~ tens MeV to ~ hundreds GeV)
- Fermi-LAT, AGILE

Very high energy range (VHE)
(hundreds of GeV to ~ tens of TeV)
- H.ES.S., MAGIC, VERITAS,
HAWC, Tibet As-y, LHAASO

— dawn of the ultra-high-energy range
(UHE)
(~ hundreds TeV - ~ PeV)
era?

Assessing the flaring behaviour of the Crab PWN system in HE ranges | ID 365



Variability of the nebula at lower energy ranges £
* “Wisps” : systematic brightness variability in radio, optical and X-ray bands — propagating plasma waves?
Observations :
(Nov 2000 - April 2001)
scale : innerring ~ 0.3 pc
X-rays (Chandra) and opfical light (Hubble)
Credits: NASA/CXC/ASU/J.Hester et al. and NASA/HST/ASU/J.Hester et al.
ol
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The Crab system : a unique source in the Milky Way

ei— Raldio (Nlancayl telescope, 'I|.4 Gl-;z) (a)‘ I —fz_ Soft gamma-rays (Comptel, 0.75 - 30 MeV) (e) :f:;ﬁ:
B E3 S With a central young and energetic
A ES fm“ pulsar B0O531+21 (or 4FGL J0534.5+2200)
'E - b sso00 3
1 £
€ kL ﬂ | N J'l P . L A , —fosoo - estimated distance ~ 2 kpc

4.i§0plical (SCam-3) (b) —gé Gamma-rays (EGRET, >100 MeV) (f) ::%: - age ~ 1 kyr

E - E S - spin-down power = 4.5 x 10% erg.s™'

“E 3 o - period ~33ms

100 'B N]Oée

light-cylinder

-B,  ~10? G

2000 surf

Normalized count rate
r

Gamma-rays (Fermi LAT, >100 MeV) (g)
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8 2500
c
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=]
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|||||||||||||I||\
||||luu|u||u||

X-rays (RXTE, 2 - 16 keV) (c)

with firmly discovered pulsations seen in
the radio band and all the way
up to VHE ranges!

|I|H||||\||IIH|HH|IIH|H IIHIlHII T

VHE gamma-rays (MAGIC, >25 GeV) (h)
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Figure 2. Light curves at different wavelengths. Two cycles are shown. References: (a) from the Nancay radio telescope; (b) Qosterbroek et al. 2008: (c) Rots et al. (+ references Thel’ein)
2004; (d) Mineo et al. 2006; (e) Kuiper et al. 2001; (f) EGRET, Kuiper et al. 2001; (g) This paper; (h) Aliu et al. 2008.
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http://www.jb.man.ac.uk/research/pulsar/Education/Sounds/

Time-averaged SED comparison &
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Time-averaged SED comparison
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