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The Crab nebula SED
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Extension of the IC component
® At GeV energies (with Fermi-LAT) ® At TeV energies (with H.E.S.S.)

= 0.1 mea Crab PWN: 2Ol 7 = (0.022 +0.00k,, + 0.003,, ) deg

(@] ' . 68 < stat Sys-

@ Fermi LAT measurements « Fermi LAT measurements

© A Upper limits at 95% C.L. + H.E.S.S. measurement

~ 5-500 GeV result

C Best-fit power-law

9 (Fermi LAT & H.E.S.S.) +22.04°

[72) Radio extension
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Extension of the IC component
® At GeV energies (with Fermi-LAT) ® At TeV energies (with H.E.S.S.)

) deg

sys

0.1 ez Crab PWN: sl 7. = (0.022 £ 0.00 1, + 0.003

Fermi LAT measurements « Fermi LAT measurements

A Upper limits at 95% C.L. + H.E.S.S. measurement Py

5-500 GeV result =

Best-fit power-law

(Fermi LAT & H.E.S.S.) +22.04°
Radio extension

+22.02°

+22.00°

Characteristic extension (deg)

\, =
MAGIC upper limit at 95/
<

0.01 . : +21.98° Eaaciy §.oo
1 1 O 1 00 1 000 1 OOOO HEGRA upper limit at 99% confidence level#E > 2 TeV

Photon energy (GeV)

[Yeung & Horns, ApJ 875, 123 (2019)]

05h34min42s 36s 30s 24 s

® Missing so far: self-consistent analysis of spectrum & extension
across entire gamma-ray domain
@ 2023-09-11 Lars Mohrmann — Joint Fermi-LAT and H.E.S.S. analysis of the Crab nebula

[HESS Coll., Nat. Astron. 4, 167 (2020)]
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Joint Fermi-LAT and H.E.S.S. analysis

® Fermi-LAT @® H.E.S.S.
» 11.4 years of data » 50 h of “stereo” data — E > 560GeV
» 1GeV < E< 1TeV » 30 h of “mono” data - E > 240GeV

» phase-resolved analysis to remove
contamination from Crab pulsar

® Joint spectral + morphological analysis with ’yﬂwhonpackagm

gamma-ray astronomy

» measure spectrum & extension from 1 GeV to > 10 TeV
» constrain phenomenological emission models

2023-09-11 Lars Mohrmann — Joint Fermi-LAT and H.E.S.S. analysis of the Crab nebula 6 <\*



Results of Fermi-LAT-only analysis

® Energy spectrum
» synchrotron component fitted in first iteration, then fixed
» fit of IC component performed with Fermipy and Gammapy

- perfect agreement between tools
- validation of Fermi-LAT data analysis with Gammapy

® Extension .
» Gaussian spatial model 2
_ 0.54 =
| 4 r68 _— (2.22 i 0'18Stat t048 Sys)/ N%
- compatible with literature value )
res = (1.80 + 0.18, +0.42,,)
(Ackermann et al. 2018, AplS 237, 32)

10—10 -

Preliminary

IC, Fermipy

IC, Fermipy
Gammapy

IC, full range, Fermipy ]
Synchrotron, Fermipy |

4~ Synchrotron, Fermipy -
+

Energy [GeV]
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Results of H.E.S.S.-only analysis

@ Energy SpeCtr:um 10-10 J l ' | _— Best—ﬁtLogParabqla
» derive flux points for mono and stereo data 1101 TS e o
— nicely compatible o
» good agreement with literature spectra g 10715
s _
é T Fermi-LAT (2012)
= HEGRA (2004)
. < 12 H.E.S.S. (2006)
® Extension (stereo data only) z 73 4 Macicaos)
. . T ] f VERITAS (2015 ICRC)
» Gaussian spatial model 1+ Tivecco)
=(1.62 +£0.05_, t021 ) 13 LHAAS 0 Preliminary
> r68 ( . T~ U. stat () 74 sys) 10 3 LHAASO (2021)
- small tension with literature value o 20
res = (130 £ 0.07,,, £0.17,)"  (E > 700 GeV) £ ]
(H. Abdalla et al. 2020, Nat. Astron. 4, 167) % 107
0.5 -
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Joint analysis — extension measurement

@® Joint fit of Fermi-LAT and H.E.S.S. stereo data

® Model spectrum with
smoothly broken power law

® Measure extension in energy bands
— strong indication for nebula
continuously shrinking with energy

@ 2023-09-11

68% containment radius [arcmin]

4
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Ii-l This work
Yeung & Horns
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Preliminary

(2019,2021)
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sys. HESS

1073

0.01

0.1 1 10
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Joint analysis — extension measurement

® Joint fit of Fermi-LAT and H.E.S.S. stereo data ., B
® Model spectrum with :
smoothly broken power law
® Measure extension in energy bands
— strong indication for nebula
continuously shrinking with energy

22.04°

22.02°

Declination (J2000)

22.00° SRS

- E res = (2.10 £ 0.18550" Fermi—LAT > 1 GeV
" Tey = (O'Sz.i ().29%)" HE.S.S. > 10TeV

83.68° 83.66° 83.64° 83.62° 83.60°
Right Ascension (J2000)

@) 2023-09-11 Lars Mohrmann — Joint Fermi-LAT and H.E.S.S. analysis of the Crab nebula 10 <>



Joint analysis — modelling

® Three static, radially symmetric synchrotron self-Compton (SSC) models

@ All models consider two electron populations:

» relic “radio” electrons 102 10* " o8 108 1010
- fill entire nebula 10* - Prelillninary | | — (ne)y (var-B) |
- spatial distribution constant with energy ] o vure (n)y (const-B)

» freshly injected “wind” electrons — 10 o == (v (REO
- accelerated at standing shock ‘?, 5 i s
- spatial distribution changes with energy > 0 :

® Radial dependence of B field: § 10" 3
» “constant B-field model” T ] — r-oze o
— B constant throughout nebula S 11 o e
» “variable B-field model” 107 3 L o7 r=17pc
— B field decreases as r™ o L ek
» “Kennel & Coroniti model” 10° 101 i [eV]lon

— MHD flow model (includes particle transport)

@ 2023-09-11 Lars Mohrmann — Joint Fermi-LAT and H.E.S.S. analysis of the Crab nebula



Joint analysis — modelling

® Three static, radially symmetric synchrotron self-Compton (SSC) models
@ All models consider two electron populations:

Y
» relic “radio” electrons 102 10* 109 108 1010
- fill entire nebula 10* { preliminary —
- spatial distribution constant with energy ] » sxes (n.)y (const-B)
» freshly injected “wind” electrons = 107 " == (v (K&O)
- accelerated at standing shock g 02 1 ===
- spatial distribution changes with energy > 3
~ ]
@® Radial dependence of B field: < 10' 5
“constant B-field model” . . .
bl With 6ammapy, we were able to directly fit |
g these models to Fermi-LAT and H.E.S.S. data 'i\
) [ 2
— B field decreases as r ¢ at the event levell ’
» “Kennel & Coroniti model” To° 0™ i [V]w‘ T0™ 1010

— MHD flow model (includes particle transport)

@) 2023-09-11 Lars Mohrmann — Joint Fermi-LAT and H.E.S.S. analysis of the Crab nebula




Modelling results

® Include constraints from synchrotron flux and extension measurements:
2 2
Ciot = 2InLios = Cic + x SYN,flux T XSYN,ext

® “Variable B-field model” yields best fit (statistically highly preferred)
® All models predict shrinking extension of electron distribution with energy

Model ACot  ACIC Xsyngux ®  Xsynex 3  Noar  AAIC &
variable B-field model 0 0 1527 (194) 603 (14) 16 0 . ((;\o
constant B-field model  374.0 264.1 246.0(194) 769(14) 15 3720 oV
Kennel & Coroniti 292.6 143.0 285.5(194) 77.1(14) 12 2846 °

@ 2023-09-11 Lars Mohrmann — Joint Fermi-LAT and H.E.S.S. analysis of the Crab nebula 13
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Modelling results

® Include constraints from synchrotron flux and extension measurements:
2 2
Crot = =21In Lot = Crc + XsyN flux T XSYNext

® “Variable B-field model” yields best fit (statistically highly preferred)
® All models predict shrinking extension of electron distribution with energy

L . L ] L ] . L ] L .
Electron extension vs energy: B-tield vs radivs: Intensity vs radius:
Y 6 [arcmin] 6 [arcmin]
103 10* 10° 100 107 108 10° 0 1 2 3 4 0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
FITH IR ETTT BRI BRI BT T B ST T SESr AT R 1 1 1 1 1 1 1 1 1 1
44 variable B-field 2.5 1 Kennel & Coroniti (o = 0.021) 0089 & HPwa —— variable B-field
= constant B-field variable B-field (@=0.47) S .:“ Prellmlnary constant B-field
§ Kennel & Coroniti 2.0 - constant B-field < i v Kennel & Coroniti
& 3 : = 0.06 4 4\
E § L5 1 ‘q§) """"" thermal dust
% 5 s soo4a 4L N 0 ====- Synchrotron
% 5 104 ;S)n Inverse Compton
ﬁ N -
g E
S 2 0.02 -
&3 aswé
3 o 05 o E \\\\\\ .
Preliminary Preliminary 0.00 SRS ;
0 = 0.0 T T T T ’ T T T T T T T
10° 101 ot 102 108 10 10 0 5 10 15 20 0 2 4 6 8 10 12 14
E, [eV] z=rlrg z=r/rg
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E*>dN /dE [eVem™2s7!]

AL,/L,

SED with best-fit models
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E*>dN /dE [eVem™2s7!]

AL,/L,

SED with best-fit models
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|IC part with best-fit models

v [Hz]
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|IC part with best-fit models

v [Hz
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Extension with best-fit models

® Small X-ray extension in conflict with too large extension of IC nebula

v [Hz]
107 103 10" 10! 10% 10% .
3.0 1 1 1 1 1 1 22.06
¢  Extensions (Synchrotron) Prelimina ry
— I-I'I Extensions (IC), this work
£ 2.5 4 °
g ' 22.04
2 A
2 1)
= A\ s
g * S 20
g 15 1 Q\ £
= \ =
E Y 3
£ 1.0 A XY = 2000
1)
o
§ 05 - = variable B-field
o constant B-field i
=== Kennel & Coroniti 21.98 Fermi—LAT > 1 GeV
0.0 T T T T T T HE.S.S. > 10TeV
-5 -1 3 7 1 15 L LRSS L, L
10 10 10 10 10 10 83.68° 83.66° 83.64° 83.62° 83.60°
E [eV] Right Ascension (J2000)
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Model maps

® Shown for the “variable B-field model”

-5°30/
-6°00/
-5°30/
-6°00/
-5°30

—-6°00

Galactic Latitude

-5°30

—-6°00"

-5°30’ M

-6°00"

Model

0 '
1-10 GeV

Fermi-LAT

10-100 TeV

HESS.

184°45"

15"

Predicted

184°45" 15
Galactic Longitude

Preliminary
Observed Residuals

184°45" 15" 184°45’ 15

T
o
Significance [o7]

S\
W



® Shown for the “variable B-field mode

Model maps

® Residuals between 1 TeV and 10 TeV
— predicted extension too small

68% containment radius [arcmin]
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Conclusion

® Joint Fermi-LAT and H.E.S.S. analysis of Crab nebula

» measure spectrum & extension from 1 GeV to > 10 TeV
» constrain phenomenological emission model

® Main results

» strong indication for nebula shrinking with energy

» none of tested models can fully describe MWL data
(spectrum + extension)

® Publication currently under Collaboration review

Declination (J2000)

22.06°

22.04°

22.02°

22.00° BRI

21.98°

PR
83.68°

FSrea] baiitean
83.66°

Fermi—LAT > 1 GeV

R N N T O WO T N1 [ [l
83.64° 83.62° 83.60°

Right Ascension (J2000)
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Fermi-LAT analysis details

@® Data selection
» time range: Aug 4, 2008 — Jan 4, 2020
» P8R3_SOURCE event class
» select events in “Off” phase of pulsar

@ Initial modelling

» energy range: 100 MeV — 3 TeV tzor | L S0 ]
» region of interest: 10°x10°, spatial pixel size: 0.04° look Bridee T on
» fit both synchrotron and IC component -
S 75|
® Final modelling g
Z soft

» energy range: 1 GeV — 1.78 TeV
» region of interest: 6°x6°, spatial pixel size: 0.025° ZSLA
» event types: PSFO, PSF1, PSF2, PSF3

. O'%.O 0!2 Of4 0]._6 01.8
» keep synchrotron component fixed Pulse phase ¢

@ 2023-09-11 Lars Mohrmann — Joint Fermi-LAT and H.E.S.S. analysis of the Crab nebula 24 <=



Detailed Fermi-LAT analysis settings
Parameter Selection > 100 MeV Selection > 1 GeV
Time range 11.5 years 11.5 years
Energy range > 100 MeV > 1 GeV
ROI size 10°x10° 6° X 6°
Pulse phase 0.51 < phase < 0.89 0.51 < phase < 0.89
Max. Zenith angle 90° 100°
Filter DATA_QUAL>0 && LAT_CONFIG== DATA_QUAL>0 && LAT_CONFIG==
Spatial binning (exp) 0.04° / pixel 0.025° / pixel
Spatial Binning (LT) 1°/ pixel 0.025° / pixel

Energy binning

8 bins per decade

8 bins per decade

Event Class / IRFs

P8R3_SOURCE_V2

P8R3_SOURCE_V2

Event types

FRONT + BACK

PSF 0, PSF1, PSF2, PSF3

Catalog

4FGL

4FGL

@ 2023-09-11
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Fermi-LAT TS and residual maps for E>100 MeV

® Flat residuals and no indication for additional sources
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Fermi-LAT TS and residual maps for E>1 GeV

® Flat residuals and no indication for additional sources
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Fermi-LAT extension analysis

® Carried out with fermipy extension module
® Diffuse background normalisations and source position left free during fit
® Extension consistent with Ackermann et al. (2018) (90 months of data)

TS ext TS ext Extension =
Dec (de RA (de TS ext )
(deg) (deg) PSF hi PSF lo Res (deg)
0.037 + 0.0034u +
Gauss 22.032 +/-0.011 | 83.626 +/-0.011 47.6 16.3 110.7
0.0094,s - 0.008xy
) 0.038 + 0.005: -
Disk 22.032 +/- 0.008 | 83.626 +/-0.009 47.6 163 107.7
0.002¢tat = 0.0084y

_ Res
v/—2In(T - 0.68)

= 0.0245° £ 0.0020°

o =
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Fermi-LAT energy-dependent extension

® 8 bins per decade

Gaussian Disk

4FGL J0534.5+2201i 4FGL J0534.5+2201i

£, 1T RS

Exten
Exte

I ;ﬁq‘ ﬁTI I
. T

10° 104 10° 106 10° 104 10° 10°
Energy [log;o(E/MeV)] Energy [log;o(E/MeV)]
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Fermi-LAT energy-dependent extension

® 2 bins per decade

Disk

Gaussian
[ T IIIIIII| T IIIIII|| T IIIIIII|
4FGL J0534.5+2201i

i
=10 -
£ -
z L
3
53] |

_"_

[l |

10° 10*

C T T T T TT1T]
4FGL J0534.5+2201i

Il 1 Il 1 ‘
Extension [deg]
S
I
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|

- ) I I C 1 | I I N lll[_
10° 10° 10° 10* 10°

Energy [logio(E/MeV)] Energy [logio(E/MeV)]
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@ Data sets
» stereo (CT1-4)
- 2004-2015
- analysis configuration: “std_ImPACT_3tel”
- threshold: 560 GeV
» mono (CT5-FlashCam)
- 2019-2021
- analysis configuration: “safe_zeta_mono”
- threshold: 240 GeV Dataser Year Runs Lvetime (b)
® Following quality selection of first extension paper 2000 S >34
» e.g. zenith angle < 55°, offset angle < 1° 2000 10 469
2013 58 25.19
® 3D likelihood analysis with sl >80
background model oo o
2021 5 2.09

2023-09-11

H.E.S.S. analysis details
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H.E.S.S. Crab nebula light curve

1e—10 Light curve above 0.5 TeV
1.0 : : HE- :
101: 102: 199 200201: 202 302:
0.9 ' : P — .
o not used in final analysis :
~ 0.8 - (N :
i : .
) 1] ! \
o~ - - -
g 07 H
S )
%061 ¢
o : b
0.5 | + : ¢
0.4 o +
Preliminary
0 20 40 60 80
linear night numbers
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Combined fit — best-fit parameters

T, rp1y \B
® Spectrum: smoothly broken power law d—N:No(E) (1+ E 7 ]

dE Eo Ebreak
® E,=1TeV fixed

® Ny=(47x£05)x1071°Tev-Is~cm™2,
I =157+0.02,T,=3.22+0.03,E, ., =0.64+0.06TeV, f =3.01 =0.12

@® Spatial model: Gaussian

® Best-fit position for whole energy range:
[ = (184.5499 £ 0.0004,,,,)°, b = (—5.7825 = 0.0004,,,)°
(galactic coordinates, statistical uncertainties only)




Best-fit positions

® Best-fit positions in energy bands  __ _, | x  global fit
. . . e pulsar position
consistent within errors 32 Gev
. .y . =275 —— 17.8 GeV
® Best-fit position of global fit ~— 100.0 GeV
separated by 28" from pulsar 5 " N Sty
% -5.77 A 5.6 TeV
'g 31.6 TeV
E —5.78 1
% —-5.79 -
(O]
—5.80
. \/
0.62 0.|O4 0.|06 0.|08 0.|10
Galactic Longitude [deg] +1.845e2
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Best-fit model parameters

Parameter variable B-field model constant B-field model Kennel & Coroniti
In(n,0) 117.170 117.69 118.766
In(Yr,min) 3.09 (fixed) 3.09 (fixed) 3.09 (fixed)
In(yymax) 11.599 12.35 12.625
Sy —1.5439 -1.649 -1.7419
pr ] 88.3 80.40 88.64
In(n,,.0) 76.822 76.8315 -27.625
In(yw,min) 12.841 12.69 12.8366
In(yy,1) 15.26 14.24 —
In(yy,2) 19.197 19.35379 17.96
In(Yy,max) 22.115 22.371 22.251
Brmin 2.8 (fixed) 2.8 (fixed) 2.8 (fixed)
Brmax 2 (fixed) 2 (fixed) 2 (fixed)
Sw.l -3.117 -2.75 —
Sw2 -3.3928 -3.1764 —2.8695
Sw.3 -3.782 -3.5118 -2.316
Pwol”] 98.14 78.94 —
@, 0.12544 0.11973 —
By [uG] 256.4 126.39 —
Fshock ] 13.4 (fixed) 13.4 (fixed) 13.4 (fixed)
1% -0.4691 —_ —_
o — — 0.021396
1n(Lspin—down [erg/ S]) — — 88.716
Tdust,in [PC] 0.55 (fixed) 0.55 (fixed) 0.55 (fixed)
Tdust,out [PC] 1.53 (fixed) 1.53 (fixed) 1.53 (fixed)
log,o(M; /M) —4.4 (fixed) -4 .4 (fixed) —4.4 (fixed)
log,o(M>/ M) —1.2 (fixed) —1.2 (fixed) —1.2 (fixed)
T; [K] 149 (fixed) 149 (fixed) 149 (fixed)
T, [K] 39 (fixed) 39 (fixed) 39 (fixed)
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Relation to recent work by Dirson & Horns

® “Phenomenological modelling of the Crab Nebula’s broadband energy spectrum
and its apparent extension” — Dirson & Horns 2023, A&A 671, A67

IH H

® Our “variable B-field model” is very similar to their model
® We use the same synchrotron data set in our fit

® Main difference in IC domain:

» Dirson & Horns used published -
] Istance
flux points & extension measurements 107 5 — 0.14 pc
» We fit to our combined Fermi-LAT & 107 — g'g Ez
£ .
and H.E.S.S. data R 1.5 pc
Ni 10 2.0 pc
~ 2.5 pc
1077 —— 3.0 pc
1o-8 ] —— average
101 163 165 167 169

Y
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Relation to recent work by Dirson & Horns

hv[eV] 103
1075 1074 1073 1072 10°! 10° 10! 10? 10° 10% 10° 10° 107 10® 10° 10'° 10%' 10'? 103 10 10%
1037 4 10344 .~V
)
= === Synchrotron
36 | © —-= Inv.Compton
10 g 0% 4 model:a=0.51
3 é MAGIC (2015) Xime =414
10% 1 $ MAGIC (2020) dof =55
104 X VERITAS (2019)
q §  TIBET ASy (2019)
5 10% 4 ] @ thaaso oz
3 107 - :
= Total: Synchr.+1C+dust 3 051 I 77
10*¥{ — — Synchr. R/W 3 0¥ ’
Dust —-0.5 4 { %
. IC on CMB: R/W 10° 10° 100 10 102 108 104 10
1074 4 IC + hv [eV]
-------- IC on dust: R/W
10314 —— —— IC on synch.: R/W g : —— model
1l ' - ¢  O6s data
5 059 ) ; ot I 200 *
3 00 T -
~0.5 t i
101 104 107 102 102 10% 10%° 1501 ’
v[Hz] & %
$ MAGIC (2015) é MAGIC (2020) A VERITAS (2019) # TIBET ASy (2019) @ LHAASO (2021) 100 ~ *
® Allowing for energy scale factors between
experiments, they find a good fit of their model -
107 1073 10° 10° 10° 10° 1012 101

hv [eV]
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Best-fit model parameters of Dirson & Horns
® Reference: Dirson & Horns 2023, A&A 671, A67

Parameter Best-fitting values
(68% c.1.)
) Dust parameters

— Radio electronls e — V15 = rom [pC] 153 £0.09
‘I’l - lrrl(N ) 1.14 7_+ 0 2 Fis = log,o(M1/Mo) —44£01

2= r0 L= Y7 =log,((M2/Mo) -12+0.1
$3 = ln(EY,}]) 118-‘9‘ * g~1 Y5 = T; [K] 149 + 8

4=Pr , * Yo =T, [K] 39+2

Wind electrons Magnetic field parameters
Y5 = 54 3.1+0.2 ¥, = By [MG] 264 + 9
Fo =52 3.45 +0.01 ¥, =a 0.51 +0.03
$7 = f3( ) 31';77i+060; Goodness of fit
= In 7 +0.

\Pz N ln&ﬁ) 156208 ngnc,SED(d.o.f.) 182 (184)
Y10 = In(yy) 19.2 +0.2 X;ync,ext(d'o'f') 16 (15)
Y11 = In(yys) 22.3 +0.03 X £C,SED(d‘0‘f‘) 22 (23)
¥, = In(N,0) 73.8+0.5 Xicexi(d-0.f.) 24 (8)
Y3 =4 0.15 +0.01 Xopp(d.o.f) 41 (55)
Y14 = pol”] 99 +4 X% (d.o.f) 285 (285)
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