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SNRs and particle acceleration
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Figure: The cosmic ray spectrum (Bliimer et al. 2019)

18/07/2025 RCW86 IN GAMMA-RAYS




[ ]
'3
. . e’
° '&Q’
dm
[ ]
[
Equivalent c.m. energyVs,, (GeV)
10 '"1'?2 —— ””1'?3 o ,m’,‘l" N m‘,fs @ Evolution of particle acceleration in the shell-type SNRs
& ATIC ®  KASCADE (QGSJET 01) Y HiRes-MIA
— & PROTEN ®  KASCADE (SIBYLL 2.1) A HiRes| = = )
= 10" ¢ RUNJOB ¥ KASCADE-Grande (prel.) A& HiRes |l [ ; W%%Zg ?élé)‘%l%r;s
o *  Tibet ASg (SIBYLL2.1) e Auger SD 2008 A : ]_0 g@o =
P 10%E- o
2 o ey ~ E  >3000 years : E&”?@?ﬁ*f&% ésss )
w 3 -
; v S
e §UF 0 years
g 10 ) -
= Qo i
:';u : w 10"
10'° ' ' E -;T;.A
3 & S s
2 W 1025’
-g i HERA (r-p) LHC (p-p) ?4 b N e
3 10 RHIC (p-p) Tevatron (p-p) J E R
10 ; ; : Tﬂ ;
1013 13 14 15 ‘s‘ — “‘ ‘ll.dia. llllﬂ1gl — 20 :lfxl l"lll"';.’ll 11 l|l|||| =L lIlIIII 11 lllll"ﬂ | =2 | Il}l 1 I-‘ l[l:"l 1 tlllllli "':
10" 10 10 10 10' 10 10 10 10° 10° 10 10" 10% 10" 10
Energy  (eV particle™) Energy (eV)

. . . Stefan Funk, A t5th 2011, TeVPA
Figure: The cosmic ray spectrum (Bliimer et al. 2019) SRS °

18/07/2025 RCW86 IN GAMMA-RAYS P




AVEISy2.
S,

Time variability in non-thermal
emission from SNRs

—~ 0.055}
—E 005

Figures: Variable non- "
thermal x-ray emission .” 0.045f
in Tycho’s SNR (Okuno = |
et al. 2020) <
= 0.035}

£
=003k

A | 1
0025 1 L 1 L I L
22 223 2 2 26 2
18/07/2025 = - N o - RCW86 IN GAMMA-RAYS 3
Photon index




Time variability in non-thermal
emission from SNRs

Caused by:

- Change in Magnetic
field/magnetic turbulence
- Change in particle

distribution

cm )
=
=
LA
n

0.05F
Figures: Variable non-

thermal x-ray emission -
in Tycho’s SNR (Okuno
et al. 2020)

erg s

0.5
004

0.035F

Fluxs spev (= 10

003k

A
0025 1 L 1 L I
¥ 2 ¥ ¥ J"' 2 ¥
18/07/2025 - = - N o
Photon index

... ... . ...
RCW86 IN GAMMA-RAYS 3




Time variability in non-thermal
emission from SNRs

Figures: Non-thermal x-ray and HE
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Time variability in non-thermal
emission from SNRs

Figures: Non-thermal x-ray and HE

Caused by: gamma-ray lightcurve for an SNR
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Time variability in non-thermal
emission from SNRs

Figures: Non-thermal x-ray and HE

Caused by: gamma-ray lightcurve for an SNR
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RCW86 —a Type la SN in a wind-blown*_ @ﬁ@

bubble e

Age of the remnant:

- Association with AD 185 (Stephenson & Green 2002,
Vink 2006)

Distance of the remnant:

- Located within an association of B-type stars (Helder
2013) - 2.5 kpc away

Large angular size:

- O~42'atd=2.3-2.8 kpcimplies an average speed
of the shock of ~8000 km/s

=> Difficulties with reconciling young age & Distance:
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Age of the remnant:

- Association with AD 185 (Stephenson & Green 2002,
Vink 2006)

Distance of the remnant:

- Located within an association of B-type stars (Helder
2013) - 2.5 kpc away

Large angular size:

- O~42'atd=2.3-2.8 kpcimplies an average speed
of the shock of ~8000 km/s

=> Difficulties with reconciling young age & Distance:

Suggestion that the explosion might have occurred in
a cavity => shock racing through a low density bubble
and has recently encountered a dense shell
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oubble .

Age of the remnant:

- Association with AD 185 (Stephenson & Green 2002,
Vink 2006)

Distance of the remnant:

- Located within an association of B-type stars (Helder
2013) - 2.5 kpc away

Large angular size:

- O~42'atd=2.3-2.8 kpcimplies an average speed
of the shock of ~8000 km/s

=> Difficulties with reconciling young age & Distance:

Suggestion that the explosion might have occurred in
a cavity => shock racing through a low density bubble
and has recently encountered a dense shell

Shock-shell = -
interaction
started already
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RCW86 —a Type la SN in a wind-blown*_ @ﬁ@

oubble .

Age of the remnant:

- Association with AD 185 (Stephenson & Green 2002,
Vink 2006)

Distance of the remnant:

- Located within an association of B-type stars (Helder
2013) - 2.5 kpc away

Large angular size:

- O~42'atd=2.3-2.8 kpcimplies an average speed
of the shock of ~8000 km/s

No shock-shell
interaction yet /

=> Difficulties with reconciling young age & Distance:

Suggestion that the explosion might have occurred in
a cavity => shock racing through a low density bubble
and has recently encountered a dense shell

Shock-shell = -
interaction
started already
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Constraints on density, shock velocity . » iy
& B field o

Very different physical conditions between NE and

SW/NW regions 0I5 cfis 2.0130 _cm?

- B-field estimated from X-ray filaments (6.0+2.8):108 km.s =600 km.S_‘1

- Density in Western side estimated from IR flux + X- (24 + 5?6 No X-rayffilaments
ray (temperature) r

60

' SW (Volk et al. 2005)" * |

B=99" . uG

- Projection effect /-
| .

B~40uG..7
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JF, counts
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2.4+035 o cm3
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Large amount of MWL data

RCW 86 detected in:

- radio (Dickel et al. 2001)

- infrared (Williams et al. 2011)

- optical (e.g. Smith 1997)

- soft & hard X-rays (eg. Allen et al. 1999, Bamba et
al. 2000, Borkowski et al. 2001, Rho et al. 2002,
Vink et al. 2006)

- HE gamma-rays (Ajello et al. 2016)

- VHE gamma-rays (Aharonian et al. 2009)

24 pm 12pm 46um

- Presence of both thermal and non-thermal X-ray
emission

- Radiative ([SIl] lines) and non-radiative (Ha,B lines)

shocks (e.g. Smith 1997)
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Previous Fermi-LAT observations
‘owards RCW 86

Fermi-LAT TS map (E > 1 GeV)
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Previous Fermi-LAT observations
‘owards RCW 86

Fermi-LAT TS map (E > 1 GeV)
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Previous Fermi-LAT observations .
-owards RCW 86 T

Fermi-LAT TS map (E > 1 GeV)
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Morphological analysis
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analysis

Morphologica
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- Emax slightly higher in SW as well (in agreement with high B-field)
- No significant difference in particle spectral index
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New Fermi-LAT analysis

Data selection:

Pass 8 data

Time interval : 16 years (239557417 — 752595399)
IRF : PBR3_SOURCE_V3

Use standard galactic (gll_iem_v07) and isotropic diffuse

Morphology & Spectra:

- 10GeV-1TeV

- PSF1, PSF2, PSF3

- zmax:105°

- edisp_bins=-1

- summed likelihood binned analysis with 0.02° bin size with fermipy over a 10° width region
- Use latest 4FGL-DR4 as initial model

18/07/2025 RCW86 IN GAMMA-RAYS 9




1st step : Analysis of the full time
interval

- Run gtfindsrc : 12 sourcves with TS > 9 added in model
- Most are in the Galactic plane
- Closest source was already detected in 2016 paper : Src 1 (0.6° from SNR)

18/07/2025 RCW86 IN GAMMA-RAYS 10




1st step : Analysis of the full time
interval

- Run gtfindsrc : 12 sourcves with TS > 9 added in model

- Most are in the Galactic plane
- Closest source was already detected in 2016 paper : Src 1 (0.6° from SNR)

Distribution of TS values

Residual TS map (E > 10 GeV)
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1st step : Analysis of the full time
interval

- Run gtfindsrc : 12 sourcves with TS > 9 added in model s

- Most are in the Galactic plane Model | Whole North  South

- Closest source was already detected in 2016 paper : Src 1 (0.6° from SNR) HESS | 137.7 753 421
Dizk 150.9 B34 47.3
Ring 147.4 El.5 a2.1

Best spatial template : Disk

Residual TS map (E > 10 GeV) Distribution of TS values
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1st step : Analysis of the full time
interval

18/07/2025

log(E2 9F/,, / MeV cm™?2 s1)

Confirms hard spectrum

RCW86 IN GAMMA-RAYS
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2nd step : Analysis in 3 time intervals

2008-2024

2008-2013.3 2013.3-2018.6 2018.6-2024

- Division of the full period
to get constant exposure in
each time interval

-62°00"

15

10-1000GeV
Dec
73}
=]

2 different analysis pipelines : -

- Main analysis:
-63°00"

reoptimizir_]g the region in 14h4gm  45m 42m 39M4h4gm  45M 42m 39M4h48m  45m 42m 39M4h4gm  45m 42m 39m
each time interval - - - -

L 2008-2024 2008-2013.3 2013.3-2018.6 2018.6-2024
- Cross-check: refitting only 5.0
sources with Srcl + srcs 62°00"
with TS > 50 (whole) +

. E 15'
diffuses 8
S8

— 30

45!

-63°00"

14"48m  45m 4z2m 39™M4hgqgm  45m 4z2m 39M4h4gm  45m 42m 39M4h4gm  45m 42m 39m
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3rd step : verification of the residual
in each period

Early Middle Late
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Results of the spectral analysis e
| | [ 4 .
- Divide RCW 86 in two halves following previous analysis by Ajello et al. (2016)
- Use a PL to fit RCW 86 and each side ; fix spectral index to value of the full time range
Table 5 Lightcurve analysis using Powerlaw
North South
Model Time TS Npred Flux Index Norm TS Npred Flux Index Norm
[x10—11] [x10—6] [x10—11] [x1076]
Full 83.4 48.2 91+14 1.54+0.04 1.3+£0.24 47.3 421 79+14 1.86 £0.06 424038
Disk Early 29 16.8 95+£24 1.506 1.44+0.35 34.8 23 129427 1.864 6.8+1.4
fixed Middle | 29.9 16.3 92+25 1.354+0.36 | 2.2 4.8 27+1.9 1.43+1
index Late 17 15.2 8.7x£2.8 1.34+04 17 13.9 T8+x2.8 4.1+£1.5
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Hints of flux variability on
South-Western rim

Variation of Integral flux
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Hints of flux variability on .
South-Western rim Mo

Variation of Integral flux

16 l & NE
— 1 i 4 sw
| Whole . - Compute Var index following 1FGL cat. with
TE 12 1 1 ‘ 1 frel=3% on each flux value
© .l | | ; - 99% confidence level threshold =>V=9.21 (2
T * 1 e ! degrees of freedom)
=, 81 * | | | T - No variability detected on the North rim
EpN - Condition met by Southern rim:
= | | V=9.7 or 3.9c excess variance
;ﬁJm 41 Early Mid Late
E 2 | : l‘

Preliminary
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Multiwavelength context and theory %

- XMM-exposures on SW from 2001, 2003 and 2007
Hints for change in thermal and non-thermal emission

Exposure corrected difference images (2007-2001):
0.5-1keV 2-4.5keV
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Multiwavelength context and theory %

XMM-exposures on SW from 2001, 2003 and 2007

e RSG
- Hints for change in thermal and non-thermal emission 108Qi 1-10 keV + WR

Exposure corrected difference images (2007-2001):
0.5-1keV
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Conclusions

- Analysis of 16 years of data on RCW 86 in 3 time intervals of equal exposure
- Morphology derived on full time interval
- Analysis confirms hard spectra

- Variability analysis performed fixing the spectral index to the one from the
whole time interval

—> Hint of variability on SW rim with VV=9.7 (2 degrees of freedom) or an
excess variance of 3.9¢

18/07/2025 RCW86 IN GAMMA-RAYS 17




Thanks for your attention!
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Hints of flux variability on South-Westegn
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- Compute Var index following 1FGL cat. with frel=3% on each flux value
- 99% confidence level threshold =>V=9.21 (2 degrees of freedom)

- No variability detected on the North rim

- Condition met by Southern rim : hint of variable emission

Variation of Npred
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The variability index is defined as a simple x? criterion:

1
W =——""7""—"3
"o+ (fuF )

2

2wk
For =
- Ei w;

3)

V=) wiFi — Fu) “

1FGL cat.

Table 7 Variability index. x2(p). Using Gehrels
for Npred-based estimates. Npred are x2(p) and
FExcess variance values

Whole
Model Flux  Npred Flux

South
Npred

Disk fixed | 7.6 4.4/1.50 9.7 10.2/3.90




