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Measurements of Galactic y-ray Sources
with Imaging Atmospheric Cherenkov Telescopes
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Imaging Atmospheric Cherenkov Telescopes (IACTs)

»ray enters the
atmosphere

Electromagnetic cascade

® Disadvantages
» limited duty cycle (10-15%)
» limited field of view (few degree)

® Advantages
» low energy threshold (6(100 GeV))

» high angular resolution
(<0.1°at1TeV)

10 nanosecond snapshot

0.1 km? “light pool” — a few photons per m?
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Current IACT instruments

® H.E.S.S.
» Khomas highland, Namibia
» since 2004
» I1x 28-m +4x 12-m |ACTs
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® MAGIC
» La Palma, Spain
» since 2004
» 2X 17-m IACTs

Major Atmospheric

Gamma Imaging

Cerenkov Telescope

® VERITAS
» Arizona, USA
» since 2007
» 4x 12-m |ACTs

..also: FACT, MACE, ... (not covered here)
Aug 11, 2022 Lars Mohrmann — Galactic y-ray sources with IACTs — TeVPA 2022, Kingston, Canada 3 -



® CTA-North
» La Palma, Spain

» initial configuration: 4 LST + 9 MST

Cherenkov Telescope Array (CTA

LEGEND
Large-Sized Telescope (LST)
Medium-Sized Telescope (MST)

CTAO Operations Building &
Other Calibration Devices

Weather Station
Stellar Photometer
Raman LIDAR
Road

Gradient

MAGIC Telescopes

External Facilities
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Cherenkov Telescope Array (CTA

® CTA-North
» La Palma, Spain
» initial configuration: 4 LST + 9 MST
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Cherenkov Telescope Array (CTA)

® CTA-South

» Paranal, Chile Cta . .‘ . ’ .

» initial configuration: 14 MST + 37 SST
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LEGEND
Medium-Sized Telescope (MST) ’ Weather Station L 2
Small-Sized Telescope (SST) @ Stellar Photometer A
Large-Sized Telescope (LST) 7 Raman LIDAR ]
Foundation %

Other Calibration Devices e

SST Foundation 9
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Cherenkov Telescope Array (CTA)

® CTA-South

» Paranal, Ct
» initial conf

Latitude (degq)

Latitude (deq)

30 20 10 0 -10 -20 —-30 Weather Station L 2
Stellar Ph A
RRRRRRRRRR ]
her Calib o
S
Q
)
)
©
2
g
330 320 310 300 290 280 270
Longitude (deg) “Science with CTA” (2018)
T |
) Augll, 2022 Lars Mohrmann — Galactic y-ray sources with IACTs — TeVPA 2022, Kingston, Canada / -Q\sb-




Measuring galactic y-ray sources with IACTs: challenges

® Limited IACT field of view (typically ~ 2° radius) > iy sgrE Soriadtet aiec RS A
. 'ci 17.5
» galactic sources often appear extended — some very much g " |
— a problem for background estimation (see later) 5 45 8
%-0.5 3 &
» diffuse y-ray emission — an irreducible background s 5

|
[a—
o

2 1.5 1 0.5 0 359.5 359 358.5
Galactic longitude, deg

H.E.S.S. Collaboration, A&A 612, A9 (2018)

ey E>5.0 TeV

® Complex source structure / source confusion
» source morphology can be complex

- disk / Gaussian model not sufficient
- multiple source components

—200

Declination (J2000)

150

100

50

» different sources can overlap

HESS PS.F. 0

- need to model all relevant sources 183" P

Right Ascension (J2000)

H.E.S.S. Collaboration, A&A 644, A112 (2020)
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Measuring galactic y-ray sources with IACTs: challenges

-

® Limited IACT field of view (typically ~ 2° radius) o iy sgrE Soriadtet aiec RS A
" -ci 0.5 1 1 1 1 1 17.5
» galactic sources often appear extended — some very much g |,
: : = o —— 2
—> a problem for background estimation (see later) 8 ¢ P Dy 453
B 0.5 . 3 &
» diffuse y-ray emission — an irreducible background s I . 3

HESS J1746-285

I
—
o

2 1.5 1 0.5 0 359.5 359 358.5
Galactic longitude, deg

H.E.S.S. Collaboration, A&A 612, A9 (2018)

e E>5.0 TeV

® Complex source structure / source confusion
» source morphology can be complex

- disk / Gaussian model not sufficient
- multiple source components

200

Declination (J2000)

150

-13°00'
100

50

» different sources can overlap

HESS PS.F. [

- need to model all relevant sources 183" P

Right Ascension (J2000)

H.E.S.S. Collaboration, A&A 644, A112 (2020)
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Measuring galactic y-ray sources with IACTs: challenges

> SgrD SgrB SgrA SgrC HESS J1745-303 lg
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H.E.S.S. Collaboration, A&A 612, A9 (2018)

-12°00' E>5.0 TeV .

® Complex source structure / source confusion
» source morphology can be complex

- disk / Gaussian model not sufficient
- multiple source components

200

Declination (J2000)

150

i

s ] \ i
£ is‘H ; X
l aaﬁ! : [ ) SNR 6018.1-00.1

-13°00'
100

50

» different sources can overlap
- need to model all rel

18"30™ 18"25™

Right Ascension (J2000)

H.E.S.S. Collaboration, A&A 644, A112 (2020)
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H.E.S.S. Collaboration,
A&A accepted (2022)
arXiv:2207.10921



https://arxiv.org/abs/2207.10921

Westerlund 1

—44°30/ HESS J1640-465 33
HESS J1641-463
PSR J1648—-4611 30
o PSR J1650—4601
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: 25 =7
Credit: ESO 7
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https://arxiv.org/abs/2207.10921

H.E.S.S. Collaboration,

WQS‘I'QHUIﬂd ] A&A accepted (2022)

arXiv:2207.10921

> @ HESS J1646-458
» largely extended

HESS J1640-465
HESS J1641-463

_44°3()

o

PSR J1648—-4611 30
_45°00 ZISJR]i iﬁ;‘“‘* y-ray source
A . 25 =~ » diameter ~ 2°
Credit: ESO | - g PC ‘_%z ( 140 pC)
@) | .
‘5 20 N
® Westerlund 1 S o« > very likely
. = o = associated with
> Massive young E —30°0 15 o Westerlund 1
| u
stellar cluster g
> M~ 10°M, 30/ 10 &
> half-mass - .
radius: 1 pc —47°00’ ‘
E > 0.37TeV 0
16P52m 48M 44m 40™
Right Ascension
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https://arxiv.org/abs/2207.10921

H.E.S.S. Collaboration,

Wesferlund ] A&A accepted (2022)

arXiv:2207.10921

nature ARTICLES
astr onomy https://doi.org/10.1038/541550-019-0724-0

@® HESS J1646—-458

» largely extended
y-ray source

_44°

Massive stars as major factories of Galactic
—45" cosmic rays

— » diameter ~ 2°
S e - . e . Felix Aharonian'?37, Ruizhi Yang ©27* and Emmade Oiia Wilhelmi*>%7 .
Credit: £SO B ) I 7 o TN T - (140 pc)
O :
g= g b 4 » very likel
® Westerlund 1 S ) Cyanus Cocor i ! VIRV
. T“*) 46C 10 '~..‘<f::;? Cygnus Cocoon Argo QE) aSSOC|ated Wlth
» Mmassive young O e CMZ —@— \
& T, " W 1 Gocoon —@— Wa 1 Goooan (0.1 Westerlund 1
stellar cluster 3" =
> M~ 10°M, £ + Y
| = (\f oy
> ha If'maSS § gﬁ I T_‘ Local CR (>10 TeV) x10 See ta\\( daﬁ‘.
: . § 107 g =0sPov_ 2E-02pv T 0 b N a\sO “1ues
radius: 1 pc —47° ¢ | : Norine 0
: ] G.
1028 g ‘
.lu [N E | 1 12 11013l 1 1t 141 ._T—.
e 0 50 100 50 -0  Aharonian et al.,
Energy (GeV) Projected distance (pc) Nature Astronomy 3’ 561 (201 9 )

Aug 11, 2022 Lars Mohrmann — Galactic y-ray sources with IACTs — TeVPA 2022, Kingston, Canada 14 -Qé-
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Excursion: treating the residual cosmic-ray background

® “Residual background”

» cosmic-ray events that remain after selection cuts
» traditionally estimated from source-free regions
in the field of view

Event Map
-29

(o

."a;'.— On Region

’ ’o
-31

Observation’ - -
Positions

22h02m 21h58m 21h55m

Berge et al., A&A 466, 1219 (2007)
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Excursion: treating the residual cosmic-ray background

® “Residual background” Significance ma
. . . | - | |
» cosmic-ray events that remain after selection cuts _43° - ey A1 |-
» traditionally estimated from source-free regions A HESSJ1640-465 ¢ HESS J1632-478
° ° ° o ' | \
in the field of view _44° - < . HESSJ1646-458 |
Event Map - 2
29 _45° - 5
5 o
= Q
E 3
X 3 —46° - =
; a =
! %)
.':a;".—On Region —47° -
~48° -
-31 P
Observation’ -~
Positions I I I
22h02m  21h58m  21h55m 17h00™ 16250™ 40™ 30m
Right Ascension

Berge et al., A&A 466, 1219 (2007)
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Excursion: treating the residual cosmic-ray background

® “Residual background” Significance ma
» cosmic-ray events that remain after selection cuts e T " = 11641l463 = HESS;I634_472 i
» traditionally estimated from source-free regions A HESSJ1640-465 ¢ HESS J1632-478
in the field of view 440 ] 0 N 1646-458 F

Event Map - 2
-29 _45° — _ N
_ 45 B
@) (D)
2 2
k= -0 S
A S —46° - - i=
- A =
2
.':a;".—On Region —47° = - - —2
“exclus P
_48° - | Bt _
-31 R IACT field of view
Observation’ -
Positions I I I I
22h02m  21h58m  21h55m 17hpom 16M50™ 40m 30™m

Right Ascension
Berge et al., A&A 466, 1219 (2007)
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Excursion: treating the residual cosmic-ray background

® “Residual background” Significance ma
» cosmic-ray events that remain after selection cuts e T " = 11641l463 = HESS;1634_472 i
» traditionally estimated from source-free regions A HESSJ1640-465 ¢ HESS J1632-478
in the field of view _44° 4 A\ 1646-458 F
- » -2
® Background model - —45° - - %
» derived from archival observations E -
» challenge: need to match (or correct for) E —46" - - “go
observation conditions %
- zenith angle, optical throughput, atmospheric conditions... i A - | [
» very relevant for CTA! Cage g I

IACT field of view

» Details: Mohrmann et al., A&A 632, A72 (2019)

| | | |
17h00m 16M50™ 40m 30™m
Right Ascension
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Source morphology

® Source morphology

_A4°20Y HESS J1640—-465
» very large extent: ~ 2°/140pc 44730 HESS 11641463
PSR J1648—-4611
> Very Complex _45°00/ PSR J1650-4601
» not peaked at position of Westerlund 1 4U 164245
» shell-like structure!
. 30/
» bright spots along shell §
E
'S —46°00/
a
30/
—47°00’
16h52m  48m 44m 40m
Right Ascension
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® Source morphology

» very large extent: ~ 2°/140pc

» very complex

» not peaked at position of Westerlund 1

» shell-like structure!

» bright spots along shell

® Energy-dependence?

» bright spots remain

» shell-like structure persists!

Aug 11, 2022

Source morphology
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® Source morphology

» very large extent: ~ 2°/140pc

» very complex

» not peaked at position of Westerlund 1

» shell-like structure!

» bright spots along shell

® Energy-dependence?

» bright spots remain

» shell-like structure persists!
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Source morphology
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Source morphology

® Source morphology
» very large extent: ~ 2°/140pc
» very complex

» not peaked at position of Westerlund 1

» shell-like structure!
» bright spots along shell

® Energy-dependence?

» bright spots remain
» shell-like structure persists!

® Confirmed by radial excess profiles

» profiles for different energy bands well compatible

Aug 11, 2022
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Declination

® Energy spectrum

» extracted in 16 signal regions
» individual spectra remarkably similar
» add up region spectra - combined spectrum

» extends to several ten
» T'=230+0.04, E. = (

TeV!
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—44°3(0/ HESS J1640-465
HESS J1641-463

Interpretation -

—45°00’ 4U 1642-45
@® Source association g
» only Westerlund 1 can explain majority of emission S —46°00/

-
» pulsars / PWN may contribute locally »
—47°00’
16h52™  48M 44m 40m
Right Ascension
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—44°3(/ HESS J1640-465
HESS J1641-463

Interpretation -

—45°00’

4U 1642-45

® Source association 30

» only Westerlund 1 can explain majority of emission
» pulsars / PWN may contribute locally

—46°00’

Declination

30/

® Acceleration site? 0y

» within the cluster (wind-wind or wind-SN interactions)
» collective cluster wind / superbubble

- MHD turbulences in superbubble , ISM

16h52m 48m 44m 40m
Right Ascension

- cluster wind termination shock

Shocked stellar wind

Termination /
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—44°3(/ HESS J1640-465
HESS J1641-463

Interpretation e ||

—45°00’

4U 1642-45

® Source association 30

» only Westerlund 1 can explain majority of emission
» pulsars / PWN may contribute locally

|
[\
-

—46°00’

Declination

ek
)

F [10‘9 cm~2s7! sr‘l]

30/

® Acceleration site? 0y
» within the cluster (wind-wind or wind-SN interactions)
» collective cluster wind / superbubble
- MHD turbulences in superbubble , T~

16h52m 48m 44m 40m
Right Ascension

- cluster wind termination shock

Shocked stellar wind

Termination /

® Cluster wind termination shock
» basic models suggest Ry ~ O(30 pc)
» matches radius of shell-like structure in y-ray emission!

» however, cannot firmly claim this association
» hadronic & leptonic scenario could work
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H.E.S.S. Collaboration,

Westerlund 1: summary A8A accepted (2022)

arXiv:2207.10921
® HESS J1646—458 ® Westerlund 1
» shell-like morphology » a powerful cosmic-ray accelerator!
» no variation with energy » acceleration site/mechanism not firmly identified
» energy spectrum to several ten TeV » intriguing connection to cluster wind

termination shock?

_44°30/ HESS J1640-465 - 35 | e
HESS 71641463 10711 4 ""'.-T
PSR J1648-4611 _ 30 ] 'lr..*‘
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- _ 4U 164245 -~ : \I\
- 25 ~ » N\N ~ -~
I;U_‘J C\ll N, ~
g 30 T 5 | (N
= - 20 @ > 107 o N\,
= “ = ] \
T —46°00 5 = ] K
A 15 9 SO
S 3
- X
30’ 10 = o $ HESS J1646-458 combined
= 10_13 - . ~
4 == == Sum of regions a—p
o) 5 : ECPL model
—47°00 ] === Hadronic model
1 === Leptonic model
O L L | ! ! L L | ! ! L |
16"52m  48m 44m 40m 1 10 100
Right Ascension E [TeV]
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https://arxiv.org/abs/2207.10921

L. Mohrmann et al.

H Ess J ] 8 0 9 - ] 9 3 (for the H.E.S.S. Collaboration)

Gamma 2022, Barcelona
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L. Mohrmann et al.

H Ess J ] 8 0 9 - ] 9 3 (for the H.E.S.S. Collaboration)

Gamma 2022, Barcelona
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HESS J1809-193
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“Classical” approach: aperture photometry L. Mohrmann et al.

e count events in (circular) “on region” HESS J] 8 0 9—- ] 9 3 (for the H.E.S.S. Collaboration)

e estimate background from “off regions” Gamma 2022, Barcelona

F [10‘8 cm 2 s ! sr1]

Event Map
-29

—18°30’

35
30

=25

—19°00’

Declination

30/

-31
Observation’ -~

Positions

-20°00" A Be

PSR J18% 1-1925

XTE J1810—197
22h02m 21h58m 21h55m

180 14m 1om 1om 08™ 06™18110m30
Issues: Right Ascension

e “on region” very large Berge et al., A&A 466, 1219 (2007)
e source structure not taken into account
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Excursion: spectro-morphological likelihood analysis

® Model spectrum & morphology of source(s) simultaneously

» “Fermi-LAT style”

» likelihood fit in 3 dimensions

® Requires model for residual
cosmic-ray background

® Can include arbitrary number

of model components
» e.g. also for diffuse emission
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3D likelihood analy51s spatlal models

® 1-component model

» spatial model: elongated Gaussian
» spectral model: power law
» not a good fit!

Significance [o7]

@ 2 component model
» add 2nd component (radial Gaussian / power law)

» much better description! (preferred by 13.30) 3
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3D likelihood analysis: spectral models

® Component 1

» power law with exp. cut-off This work
. ['=190%0.05,, +0.05 $  Component |
st >yS ! Component 2
. E = [127+27 +2.6 TeV 0
¢ < -2 stat_l'9 SYS i
- preferred over power law by 8o 5
-
&
® Component 2 )
» power law =
X
- I'=1.98 £0.054, % 0.03,, % A HE.S.S. (2007)
- cut-off not significantly preferred W HESS. (HGPS’ 2015) \
¢ MAGIC prelim. (ICRC 2021)
1071 - eHWC (T = 2.7) H.E.S.S. Preliminary
—TTT] —T—TTTTTT] —T—TT T T —T
| 10 100
E|[TeV]
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Flux map with H.E.S.S. models
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Extended component: a “halo” of old electrons?

® Extent of emission
» assume electrons started diffusing 0.8 -
20 kyr ago (age of system)
» compute expected size of halo and
compare with measurement

H.E.S.S. Preliminary

» good agreement for D, ~ 2 x 10*’ cm?s™!

— a reasonable value!

e Dy = 1.8 X 107" cm? 57!, 6 = 0.63

0.4 - Dy =5.5%x10"cm?s!, § =0.33
® Energy spectrum cane Dy =44%x10%cm?s™", 5 =1.00
. 0.3 -
» expect cut-off in y-ray spectrum because 8 HES.S. component 1 measured
1 1 1 1 1 | L L I 1 1 1 1 1 | L L I 1 1 1 1 1 I 11
highest-energy electrons have cooled 0.1 ] 10 100

» as observed! E[TeV]




Compact component: leptonic or hadronic?

® Leptonic

» inverse Compton emission from PWN electrons

» peak of emission slightly offset from pulsar / X-ray PWN

» “medium-aged” electrons escaping
into broader region?
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Compact component: leptonic or hadronic?

® Hadronic
» cosmic-ray nuclei accelerated in SNR
and interacting in molecular clouds

» peak of emission coincident with SNR shell & clouds

» viable energetically (W, ~3x 10%* (n/1 cm_3)_1 erg)
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HESS J1809-193: summary

® HESS J1809-193
» unidentified PeVatron candidate
» fascinating environment —
several plausible associations

® New H.E.S.S. analysis
» resolved emission into two distinct components
» 3D likelihood analysis has been crucial for this!

® Publication almost ready — watch out!
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Other recent highlights

(a personal selection — not exhaustive!)
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® New VHE source class & the first Galactic transient!

Nova RS Ophiuchi

® Detected with H.E.S.S. and MAGIC (and LST-1!)

® Hadronic scenario favoured in both cases

® Implications for cosmic-ray acceleration in supernovae
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MAGIC Collaboration, Nature Astronomy 6, 689 (2022)
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$$ 433

® Microquasar, jets perpendicular to line of sight
® 2018: detection of jets reported by HAWC
® Gamma '22: now confirmed with H.E.S.S.

—> will be able to resolve emission better!

39
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® Well-known extended gamma-ray source (e.g. VERITAS 2009, Milagro 2009)

SNR ¢106.3+2.7 / Boowmerang PWN

® Recently detected up to 100 TeV (Tibet) / 500 TeV (LHAASO)
® Gamma "22: MAGIC provides high-resolution view!

® Two emission regions:
» head: seen only at low energies - escaped electrons from PWN?
» tail: seen only at high energies - escaped protons from SNR,
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LHAASO J2108+5157

® Discovered by LHAASO above 100 TeV — no detection with IACTs yet!
® No obvious counterpart — coincident with molecular cloud

. : : N. Park et al.
® VERITAS: no detection in 35 hours .
(for the VERITAS Collaboration),
® Point-source upper limits challenge hadronic scenario Gamma 2022, Barcelona
Preliminary (gamm; 2022)
52.40° P el
/‘— o
10-8 o |
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LHAASO Collaboration, ApJL 919, L22 (2021)
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LHAASO J2108+5157

® Discovered by LHAASO above 100 TeV — no detection with IACTs yet!

® No obvious counterpart — coincident with molecular cloud

® VERITAS: no detection in 35 hours

® Point-source upper limits challenge hadronic scenario

® Similarly with CTA LST-1: no detection in 91 hours o o O T o v

Leptonic scenario Hadronic scenario
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—44°3(/  HESS J1640-465
HESS J1641-463
~ PSRJI648-4611

Conclusion -

30

Declination

—46°00’

® Galactic gamma-ray sources are often

extended / complex in morphology
» high angular resolution of IACTs is crucial
» 3D likelihood analysis can be a powerful tool

® Westerlund 1

» complex gamma-ray emission with shell-like structure
» are stellar clusters the main accelerators of Galactic cosmic rays?

@ HESS J1809-193

—-18°30/

—-19°00’

o=
—_—

o)
A 30

H.E.S.S. Preliminary

» resolved into two distinct components B

XTE J1810-197

» dynamic PWN system or mixed PWN / SNR scenario?

Right Ascension Right Ascension

® After more than a decade, H.E.S.S., MAGIC & VERITAS are still providing exciting results

» recently, very fruitful interplay with wide-field instruments (HAWC, LHAASO, Tibet)
» exciting prospects with CTA!
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Ponus: even more recent inferesting
measurements of Galactic sources!
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Gamma-ray binaries
® HESS J0632+057 @LS1+61° 303 @ PSR B1259-63

® Period: 317 days ® Period: 26.5 days ® Period: 3.4 years
® H.E.S.S. + MAGIC + VERITAS @ VERITAS ® H.E.S.S.
® Orbit-to-orbit variability ® Correlation with Swift-XRT ® Correlation with X-ray curve
o2 (simultaneous within 0.5h) @ Detection out to ~120 days
I 4 VERITAS | .
8 | + o after periastron!
> 6
Ng 5 Lot Lot 5 e Light of PSR B1259-63: TeV X-ray Data Comparison
e | & l’
S | £ ' el H.ES.S. [«
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orbital phase Orbital Phase
VERITAS+MAGIC+H.E.S.S. Collaboration, S.R. Patel (for the VERITAS Collaboration), C. Thorpe-Morgan (for the H.E.S.S. Collaboration),
AplJ 923, 241 (2021) Gamma 2022, Barcelona Gamma 2022, Barcelona
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Geminga pulsar

® 3rd pulsar detected from ground (after Crab & Vela)
® Detected up to 75 GeV with MAGIC

® Evidence for power-law tail beyond 15 GeV

® Spectral index 5.6 = 0.5 (!)
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MAGIC Collaboration, A&A 643, L14 (2020)
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Geminga PWN

® Extremely extended emission — reported in 2017 by HAWC
® Emission larger than typical IACT field of view = a real challenge!
® H.E.S.S. has reported detection at ICRC 2021

A. Mitchell et al. (for the H.E.S.S. Collaboration),
ICRC 2021, Berlin, id. 780
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Galactic Centre

® Very detailed study by VERITAS

® Deep exposure: 125 hours

® Observed at >60° from zenith!

® Spectrum of diffuse emission measured up to 40 TeV,

with no sign for a cut-off
VERITAS Collaboration, ApJ 913, 115 (2021)
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Cherenkov Telescope Array (CTA)

CTA telescope types
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(8m?2) (41m2) (88m?2) 370m?
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HESS J1809-193: Suzaku X-ray data

® Hard X-ray emission (2-10 keV)

® In immediate vicinity of PSR J1809-1917 X
® + diffuse emission around it
X
1 !
' c=6.8

5 s -

< .

g’ \\

'| """"" TTTTTTT T l‘"- HOO 272400 272.200
0 5 10 15 20
Distance from a Pulsar [arcmin] Anada et al., PASJ 62, 179 (2010)
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HESS J1809-193: molecular clouds

® Distance: about 3 kpc
® Compatible with SNR G011.0-00.0

24 Mopra CS(1-0)
8 - . )h___.l ‘-j o opra -
0 2 GO11.1+00.1 i \\‘ ?:lez*ral(;(?(irll;con)sily
_ - \\‘\']S,=10[025 km/s | -

8l > DEC (J2000)¢) [ X — 1%
o N
o ok 1.9
o T
S|
g S 1.7
E | 1.6
g

3| 1.4

S

1.2
o)
% ) 1.1 | JomT 90(3-2
Mopra CS(1-0)
40.0 20.0 18:10:00.0 40.0 20.0 09:00 0.89 i O
Right Ascension (J2000.0) 0.72 \ L —
Castelletti et al., A&A 587, A71 (2016) Voisin et al., PASA 36, e014 (2019)
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HESS J1809-193: background model fit

_ _ e \\ - H.E.S.S. Preliminary | I4
® Background model adjusted to each observation run R
» Background normalisation (global scaling) 15° - 5 ‘" e s :
» Background spectral tilt (factor (E/E,)™) 5 : i
£ ‘ HESS J1809-193
C D g . , , 2 20 - i
® Distribution of significance map entries outside exclusion
regions indicates good description of background e ‘
HESS J1804-216| ¢
—22° -
18hI18m 12|m 06™ O(I)m
Right Ascension
= 0.95 M 5= 0.03 10* 4 H.E.S.S. Preliminary o = 1.041 + 0.003
30 - JJ-L o =0.10 o=0.11 E
ﬁ" 20 - I 103';
20 | JI é 100—;
10 - 105 10—;
] [ All pixels
0L r | - | 0L |IL . J-L‘U'||'| ' 1 ‘ — ixic(l).ﬂg;;guﬁ;)9—193
0.5 1.0 1.5 —05 0.0 0.5 — | | . . .
Background normalisation Background spectral tilt - 2 0 2 4 © 8

Significance [o7]
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HESS J1809-193: 1-component model in energy bands

® Would the 1-component model work if its spatial
extent would be allowed to vary with energy?

® Re-performed fit in four (mutually exclusive)

energy bands
» spectral index fixed

® Still not a good description!

Declination

Declination

Significance [o07]

) 0 2 4
| ] ] ] |
| | | | | _..\ | | |
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. A= )
~19°00’ - PR S . 7=~
\ ; &N
\ \ \ ¥ \ AN\
\ t \ \ ‘*.. N
30’ - Mg 0 = £ )
> Ny / =
~20°00" - \ - - \\
\
\ o
30 4 \ . \
\ \
\ \
| | | | | | | |
1 1 I I I 1 I I
B [21Tev <E<s6TeV \\ E>56TeV
~18°30 - \ - - \
\ \
~19°00’ - \;, - - o \\
et T Y i
"\ S Al >
: v # %
30/ - \ ) - - \
N \~\ /
\ A
—20°00" - \ - \
\ \
-'I' \ iy \ i
30/ - oo e\ - - \
H.E.S.S. Preliminary \
| | | ~ | | | | ~ |
18h15m  qom 09™ 06™ 18h15m  qom 09™ 06™
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HESS J1809-193: parameters of 2-component model

Par. [unit] Value

® Two different spectral models for component 1

Component 1 (PL spectral model)

— R.A. [deg] 272551 + 0.025,, * 0.018,,
> — stat S
PL pOWE r IaW Dec. [deg] —19.344 + 0.023,, = 0.013,
» ECPL = power law with exp. cut-oft o [deg] 0.622 £ 0.0325 + 0.0204ys
. e 0.824 + 0.0254
» ECPL model is preferred 6 [deg] 50.0 % 3.1
_ No[1072TeVem 2571 8.42 + 0.404, + 1.14,
» Parameters of component 2 do not depend on this r 2.239 + 0.0274y + 0.0204y,
E, [TeV] 1 (fixed)
Component 1 (ECPL spectral model)
R.A. [deg] 272.554 + 0.0254z % 0.019y,
DCC. [deg] _19.344 i 0.0215[3[ :t 0.0123)'5
o [deg] 0.613 + 0.03 1, + 0.015,
e 0.820 + 0.025,
¢ [deg] 51.3 + 3.1 g
No[1072 TeV ' em™2s7'] 9.05 + 0.47 g + 09155
I 1.90 + 0.055 % 0.055ys
E, [TeV] 1277 | e T35y
E, [TeV] 1 (fixed)
Component 2
R.A. [deg] 272.400 = 0.010,,
Dec. [deg] —19.406 = 0.009.
o [deg] 0.0953 + 0.00724, + 0.0034,,,
No[102TeV~!em2571] 0.95 + 0.114 + 0.011,
r 1.98 + 0.05y + 0.03,
Ey [TeV] 1 (fixed)
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Declination

HESS J1809-193: Fermi-LAT analysis

® Found same best-fit models as in 4FGL catalog

® J1811.5-1925 !
. . . >
» Point source, associated with PSR J1811-1925 3
S3)
® J1810.3-1925¢ =
. . X
» Extended source, shape similar to component 1 of HESS J1809-193 =«
Significance [o]
-5.0-2.5 0.0 2.5 5.0 7.5 10.0 12.5 15.0
—
~18700° 1) \\ H.E.S.S. Preliminary | | (b) \\ | © \\ == HESS.comp. 1 [
== == H.E.S.S. comp. 2

30" o \ - - \\ - \\ #8 J1810.3-1925%¢ |} —
\ \ ®  J1811.5-1925 clf
~19°00" - - “n - - AT o R =
\ WA S
30 - - . ‘8\ w,“ i <)
~e=X 3
—20°00" - = \ - \ - S
\ \ Re
A PSRIJI809-1917 \ \ \ S

30" 1 PSR J1811-1925 \ - - \ - - \ -

XTE J1810-197 \ \ \
18h|15m 12Im 09Im 06lm 18h|15m 12Im 09Im 06Im 18h|15m 12Im 09Im 06|m
Right Ascension Right Ascension Right Ascension
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S
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: H.E.S.S. Preliminary v

® J1810.3-1925¢ (this work)
®  J1811.5-1925 (this work)
disk model (Araya 2018)

v

v

<

1 10 100
E[GeV]

103

1078

® 11810.3-1925¢
® HE.S.S. comp. 1 template
§ H.E.S.S. comp. 2 template

N
N .
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N ]
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T I \\.‘.
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Interpretation: PWN model

] = 0-179kyr H.E.S.S. Preliminary
| == Last2.0kyr

® Time-dependent modelling with GAMERA

Hahn, ICRC2015, id. 917

[E—Y

S
[
[

.....
4
|||||||

[E—Y

S
o
\)
|

® 3 “generations” of electrons
» halo of “relic” electrons (20 kyr) - Component 1
» medium-aged electrons (< 2 kyr) - Component 2

E? x AN/dE [TeVem 2571
>
1
s

e S L
i /. ¢ HE.S.S. (Comp. 1) B Suzaku

] /e ¢ HES.S. (Comp. 2 ¢ G011.0-00.0
» youngest electrons (< 0.9 kyr) - X-ray PWN o dD A Emi a0 s
10716 1073 1070 107 10 107 107
E[TeV]
® Model works well for X-ray and H.E.S.S. data —
1 H.E.S.S. Preliminary
® Fermi-LAT data below 10 GeV unexplained J
» connection to H.E.S.S. components not straightforward ]
S
3
%
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HESS J1809-193: PWN model — spatial extent

® Size of extended H.E.S.S. component

>

assume “relic” electrons started diffusing
20 kyr ago (age of system)

compute expected size of halo as a function
of gamma-ray energy

compare with measured size

good agreement for D, ~ 2 x 10’ cm?s™!

— a reasonable value!

e Dy = 1.8 X 10?” cm?s7!, § = 0.63
Dy =5.5%x10" cm?s7!, § =0.33

. Dy =44%x10°cm?s™!, 6 =1.00

B HES.S. component 1 measured

H.E.S.S. Preliminary

1

10 10

E[TeV]



Westerlund 1: gas maps

Right Ascension
52™ 48™ 44m 16"40™

T
-
~

® Hadronic scenario: need target material for interactions

|
[E—
(\®)

I
-

® H I line emission from SGPS survey wmcciure-Griffiths et al., ApJs 158, 178 (2005)

: 5
» indicates atomic hydrogen : 0'8"2
- O.6<>1-
. . . 0.4£
® CO line emission from Mopra telescope Braiding et al., PASA 35, €029 (2018) .
» traces molecular hydrogen 0.0
- 140
® Low gas density in regions of bright gamma-ray emission - 120
_ 1007,
S E
: : E 80 &
® Challenge for hadronic scenario E 3

» but there could be “CO-dark”, e.g. due to photodissociation

40

20

16h52m 48m 44m 40m
Right Ascension
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Westerlund 1: cosmic-ray density profiles

® Assume gamma-ray emission is fully hadronic
— infer cosmic-ray density using gas maps
® Profile w.r.t. cluster position compatible with Aharonian et al. (2019)
® Profile w.r.t. centroid of gamma-ray emission not peaked towards centre

—§= v = [-60,-50] km s~ —§— v =[-60,-50] kms™"!
v = [-48.5,-38.5]kms™! v =[-48.5,-38.5]kms™"'

=y = [-37,-27] kms™! = ) = [-37,-27]kms™!
B Aharonian et al. (2019)

ek

|
ek
il |

Cosmic-ray density [eV cm™]

= local CR density (> 4 TeV) x20

local CR density (> 4 TeV) x20

Cosmic-ray density [eV cm™]

<
ek
|
S
ok
|

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Angular separation from cluster [deg] Angular separation from centre [deg]

s
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Westerlund 1: galactic diffuse emission

—44°30

—45°00

® Likely contributes to emission, but is difficult
to estimate

30

—46°00’

Declination

Kissmann, Astropart. Phys. 55, 37 (2014) "
® Use prediction from PICARD propagation code

® Absolute flux level is very uncertain!

—44°30/
® Shell-like structure not affected
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Westerlund 1: signal

® Very similar in all regions
® Only significant deviation: region “d”

—45°

Declination

16h55m

Right Ascension

Signal region Excess events Significance  Significance do I VATS
(E>49TeV) (1078 TeV'iem2s71)
a 396.1 530 0.90 3.76 + 0.66 2.71 £0.18 5.9
b 454.9 5.60 1.70 4.34 + 0.64 253 +£0.13 7.5
C 901.8 1030 2.80 6.33 + 0.58 249 +£0.08 123
d 1014.0 10.80 170 6.66 + 0.58 220+0.06 16.1
e 430.7 4. 70 2.90 2.84 +£ 0.51 2.35£0.12 6.7
f 648.9 170 4.00 4.60 + 0.64 233+0.11 10.0
g 1238.5 13.50 6.00 7.41 £ 0.54 245+0.07 16.1
h 1409.2 14.50 4.60 8.14 + 0.54 250+£0.06 17.3
1 653.4 9.00 4.00 6.65 £ 0.71 241 +£0.09 114
] 1229.0 14.00 6.80 9.07 £ 0.63 239+0.06 17.7
k 1246.4 13.20 3.60 7.73 £ 0.54 248 £+0.06 16.5
1 1405.7 14.10 6.30 7.95 £ 0.54 251+0.06 16.9
m 469.5 6.80 1.700 5.40 £ 0.73 2.56 +£0.13 8.2
n 415.4 5.1 3.50 3.49 + 0.62 2.33+0.13 7.4
0 1259.2 14.10 5.90 8.23 + 0.57 239+0.06 17.7
p 996.7 10.50 4.00 6.29 + 0.55 236 +£0.07 14.7
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Nova RS Ophiuchi

® H.E.S.S. leptonic and hadronic model fits
® Clear preference for hadronic model

leptonic model hadronic model
M | b bbbt B B i b I B I e e bt I [V . oy Yy Yve ey Mdbiey BERAMA AL B AR AALL BN AN A M | | .y |
9 :
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> ] s » 1
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H.E.S.S. Collaboration, Science 376, 77 (2022)
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