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* What are we looking for?

* SNR population model

* Properties of the SNR population investigated
* Results
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 SNRs produce gamma rays in the VHE (> 0.1 TeV) range but the
details of this gamma-ray emission are not well understood.

* Questions to answer:
— Can we describe the H.E.S.S. Galactic Plane Survey (HGPS) data?
— What is the spectrum of accelerated particles?
— What is the efficiency of particle acceleration?
— Is the gamma-ray emission dominated by hadronic or leptonic origin?
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Single SNR simulation Population simulation
* Complicated modelling of the SNR e Simpler modelling of individual SNRs
* Understanding the physical * Reveal common properties of SNRs
conditions and processes « More SNRs for comparison

* Only 1 SNR to compare to

Pais et Pfrommer 2020 HESS Collaboration 2018
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https://academic.oup.com/mnras/article/498/4/5557/5908390
https://www.aanda.org/articles/aa/full_html/2018/04/aa32125-17/aa32125-17.html
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e Cosmic rays (CRs) are thought to be accelerated in SNR shocks
* The acceleration of CRs interacting with the interstellar medium can
also produce gamma rays in the TeV range mainly via 2 mechanisms:

Hadronic Leptonic
* Proton spectrum * Electron spectrum
* Pion decay * Inverse Compton
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* The High Energy Stereoscopic System (H.E.S.S.) performed a systematic
survey of the Galactic plane (0.1 to 100 TeV)

e A total of 78 sources detected

| H.E.S.S. (2016) RX J0852.0-4622
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https://www.mpi-hd.mpg.de/hfm/HESS/hgps/figures/hgps_source_id.pdf
https://www.aanda.org/articles/aa/abs/2018/04/aa30002-16/aa30002-16.html

AVersy,
()0‘ Sl[q’

: ) Il Mathematisch-Naturwissenschaftliche Fakultit H G PS d at a

. d’%m
B

HPGS 8 Comparison

Composite
e Lower limit of 8

e Strict upper limit of 63 (8 + 8
+47)

 Stringent upper limit of 28 (8
+8+ 12)

pinary

36
Not firmly identified

12 associated to SNRs

From HGPS paper
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https://www.mpi-hd.mpg.de/hfm/HESS/hgps/figures/hgps_source_id.pdf
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* Physics of the supernova remnant
— Evolution of the radius and velocity of the shock
— Magnetic field amplification
— Maximum energy of accelerated particles

* Distribution of sources and matter
— Types of SNRs
— Where in the Milky way
— Ejecta mass and explosion energy distribution

Rowan Batzofin 8
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e Spectral index, a (4.0 to 4.4)
* Electron proton ratio, Kep (1072 to 107°)

e Efficiency of gamma-ray production, n (1% to 10%)

Rowan Batzofin 9
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e Taking into account the HGPS
sensitivity

* Gray shaded region is HGPS
sensitivity for a source with
luminosity, L = 5x1033 phs™1

Parameters:

a=43

Kep=10~3

n=0.07

ST =20 kyr

Steiman-Cameron distribution
Shaded region:

L =5x10%3 phs™! (~4x1071! Tev-1cm2 s at 1 kpc)
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Realisation of a single population
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Cumulative distribution of the detectable SNRs averaged over 100 populations.
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etectable S emitting S
* Log-Nlog-S . D ble SNR All emitting SNR
distributions ] R
S ¢ \\\ \ = \. < .
¢ Same no. of 102 RN o
total SNRs ; S NN e
8 | \' \\ ‘\ :
) 5 104 | Parameters: \ \ -,,
e Can'tjust 3 N Kep =10"* Nl
. = N . .
draw alineat © i n = 0.07 N !
9] 0 | | ST =20 kyr Co
some flux to _g 0 ! Steiman—\éameron E \\:
determine 5 mess H.E.S.S. firmly identified SNRs | N N I
=z mmmm Strict upper limit >~ - v \ 1
detectability 10714 = tringentupperfimit N N \
— - a= 4.1 \ :
- a=42 : | \i
) — - a= 4.3 : |
Larger a lo-2] i S !
[ i
means. less 10'_14 10'_13 10'-12 10'_11 10'_17 10'_15 10'_13 10'_11
detections Flux (cm~2s-1)

Flux (cm~2s71)
Cumulative distribution of all simulated SNRs averaged over 100 populations.

11




Results —
S Mathematisch-Naturwissenschaftliche Fakultit . e o
i Acceleration efficiency
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parameter set T
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Flux (cm~2s71)

Cumulative distribution of the detectable SNRs averaged over 100 populations.

Flux (cm~2s71)

Cumulative distribution of all simulated SNRs averaged over 100 populations.
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i Electron-proton ratio

10 Detectable SNRs All emitting SNRs
e K..= 10-2.5 is a mems H.E.S.S. firmly identified SNRs
ep mmmm - Strict upper limit
1 mmmm Stringent upper limit
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Cumulative distribution of the detectable SNRs averaged over 100 populations. Cumulative distribution of all simulated SNRs averaged over 100 populations.
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o parameter space
* It’s clear that by changing only one * Need populations with:
parameter at a time that there should = > 8 SNRs (firm detections)
be other combinations that work. = < 28 SNRs (associated)
* Additional E,,, criterion
* We explored a large parameter space * 8 firmly detected SNRs
changing o, n and K, =4E, . >10TeV

=2E,. ~10TeV
=2E__<10TeV
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Results — Parameter exploration

e a<4.1l -2 i — 100
produces -3 2
populations -4 50 3
with too many -5 o
detectable bt el N £
SNRS £

e a>4.3does a0
not produce LhiED g
enough SNRs ~__ 20 §
with Emax > 10 _, °
TeV s )

o

0.02 0.04 0.06 0.08 0.10 0.02 0.04 006 0.08 0.10 0.02 0.04 0.06 0.08 0.10
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x agreement with HGPS)
K. > 10—4_5 Population % Mean No. Mean Had. Mean Lep. Mean Had. Mean Lep.
ep = Parameters compatible detectable Age (kyr) Age (kyr) Dist. (kpc) Dist(kpc)
e 41<a<4? with HGPS SNRs
 Hadronic ratio is not
only dependant on K, 97 16.84 2.15 4.86 5.65 4.88
* SNRs dominated by
o 96 16.14 1.94 4.36 5.64 4.9
emission from
hadronic processes are 95 16.41 2.06 5.21 5.62 4.79
typically younger and
brighter than SN RS 93 13.6 2 4.88 5.63 5.06
dominated by IeptoniC 92 19.56 2.05 5.7 5.61 4.63
emission
92 20.64 2.32 4.92 5.66 4.76
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Summary

* Confronted SNR population model to HGPS, taking into account the multi-dimensional exposure for the
first time.

* Explored a large parameter space but correlations prevent the identification of an optimal combination.

* Can exclude some parts off the parameter space:
" o < 4.05
" Kpp = 10727
= K., ~ 1073 requires a = 4.35and n < 0.02
* Realisations with = 90% compatible:
" 415 a S4.2
" 107° S K,y S107%°

* Despite very low electron-proton ratios we still find many SNRs dominated by leptonic emission.
* The detectable SNRs are clearly a highly biased sample.

* Batzofin, et al. (2024), The population of Galactic supernova remnants in the TeV range, A&A, 687, A279,
doi: 10.1051/0004-6361/202449779124
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https://www.aanda.org/articles/aa/full_html/2024/07/aa49779-24/aa49779-24.html
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Backup slides
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Source and matter distribution
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Relative rates of supernovae:

— Thermonuclear 32%
— Core collapse 68%

3 supernovae per century

Source distribution models
— Steiman Cameron (ISM)
— Reid (Massive stars)
— Green (SNRs)
— CAFG (Pulsars)

* Matter distribution follows an empirical
model that closely matches the GALPROP
code - shibata et al. 2010



https://iopscience.iop.org/article/10.1088/0004-637X/722/2/1460/pdf
https://iopscience.iop.org/article/10.3847/1538-4357/ab4a11/meta
https://watermark.silverchair.com/stv1885.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAA3YwggNyBgkqhkiG9w0BBwagggNjMIIDXwIBADCCA1gGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMsNzD7h2AUSbkm4GGAgEQgIIDKQd5_o3UtddOGGdpYHkcvBQLyUM4fzhIBHJ9o8aHvNVDS1Cj7gEooykPMnw3B5omraCK3yJqrIRxBq7xm_JttFyKpkgO64GoB03heNaAMMrLq8NOT8Kv3MgHF7sAyw8RcyUUt0UWiIYmo3tID_IsLKdIf6kCr-O6xBzmzp30xKreaVI6Tn04ybyJuk2YpF_CeREHGw4RItQBGlLkXNSiOfvyIvQNCAozQ_GybkxexRBm94CliDJbOXk9sryFNcCjf7OdzwgKUE2Z8iIOlqDG0jzjv4DOMdiMUkuIo0pflkJR69ZjHMT6fXVyCZvk31wTn_mRi2nxejHdNO8qmEsGs5Q1ZuCZBgKYPaZaVKcmuw53_4LgXV3K0LDMx7dbmS6IlRyZo9CXW93DiSNVpW5eq_yTRfEfyB44KY98yXuMAZbiiKEd88nBVpN7T6V3PKyceKOR2hJAT75nANKpWbWmIvcQG4CtvAM91uhJSjM1nI_6Ac_Rvl3wCwLq025GMCwUsXmlwsxIRMvS8Wg0FXjGwdGRbsK482jCErJIfYN5TTtFc-TqIMu8vraUKX72ubiykE9H2Pb3um_GpuKkvLxx_7cIb0nmJz4evqb4JGXNMkOkJiR1v9b-DxAUxBT2jCaeGORkuLxpwuQ3pSzn3W5--Pn7quu9w64xReyZlxeCu--98TXo3uh0HOL4x2v5EhfH0WihBFqI6-cc_Fz2u32DzSQ6cMUBysTgLLjvCpH0V4nPC4BwiOGLn0e8qkLtYDQjDMxXBmjxAi--AY0OM_iZWbXHX886KfPtLF2WvFbsxpxgAN6mscKumC3NjKG5iGg2UPhvwbwKCUeh41ilMKHlIzCjg00p5mdTr2P3bi1FLuSIRMqQfikk1gdKnAwRJeXuztvHLuF8e8DTmBdnON7TWAxYbheAZGe30nfj-F3c8hKvt91ji4p6SAg980g8YGdG78TeHp-ZZvf5alfsH_74Yh_XDm65sSeVc5E8CxXkw3QHvuUCjnMuqZRpsbShcSbFcYuglWhpALVdxhX90u62VwBwYJ7J6gDos-err7_AuCE0kI_RAdYg3VV0
https://iopscience.iop.org/article/10.1086/501516
https://iopscience.iop.org/article/10.1088/0004-637X/716/2/1076
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Distribution of masses and explosion
energies of simulated SNRs

Counts
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energy of explosion

30 -
> 20 +
=
. s 104
Thermonuclear:
ESN = 1051 erg 0 - T T T T T T
2.0 1
Core collapse: =
Injti ass distribution N « o i
8 * * S
‘é 1.0
Eqy interpolated from results 5] o
otg)talned in Sukhbold et al. 2016 T 0.5 4
20 40 60 80 100 120

Mass (My)
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https://iopscience.iop.org/article/10.3847/0004-637X/821/1/38/meta
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Place the SNR in the Milky way.

Sﬁo?gl\\//lelocity and radius are determined at the age of the SNR, taking into account the density of
the .

Magnetic field amplification:
— initially from the growth of non-resonant streaming instabilities upstream of the shock - Bell et al. 2013
— later resonant streaming instabilities - Morlino & Caprioli 2012

Based on the shock and the magnetic field amplification we calculate the maximum energy of
accelerated particles.

— Determined by the growth of non-resonant streaming instabilities (Bell) - Bell et al. 2013
— Determined by Hillas estimation (Hillas)

Rowan Batzofin 22



https://academic.oup.com/mnras/article/431/1/415/1046834
https://www.aanda.org/articles/aa/pdf/2012/02/aa17855-11.pdf
https://academic.oup.com/mnras/article/431/1/415/1046834
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Supernova dynamics

-
* fecr(p) = A (L) Differential spectrum of accelerated particles

mpc
* p is the momentum and « is the spectral index

* The normalisation (A) is found by requiring the CR pressure to be some
fraction, 7., of the ram pressure at the shock location.

1 rPmax
1 PM i 2 o (DpY(p) = 1PV

Cosmic ray pressure

Ram pressure

Rowan Batzofin
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Expanding on the work done by Cristofari et al.:

= Connection between ejecta masses and explosion energies

= Refined description of magnetic field amplification and corresponding
maximum energy for protons and electrons

= |nclusion of diffusive shock reacceleration at SNR shocks

= Multiple prescriptions for the spatial distribution of SNRs in the Galaxy

Rowan Batzofin
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https://academic.oup.com/mnras/article/434/4/2748/954178
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 Galactic CRs reaccelerated at the SNR shock
— Assume spectrum is the same as local interstellar spectrum

fet @) = o [P (2) )

— fwo (p) is the distribution function at upstream infinity of the seeds to be reaccelerated.
—po = 1072 GeV
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https://academic.oup.com/mnras/article/489/1/108/5542734

AVerS/z..
N

Results —
Spatial distribution

Source Distributions

-z [Pl Mathematisch-Naturwissenschaftliche Fakultit
.
‘e

Detectable SNRs All emitting SNRs

103
mmmn H.E.S.S. firmly identified SNRs —————
mmmm Strict upper limit e
mmmm  Stringent upper limit . .
Steiman-Cameron \'\
102 ] — - Green ] N
- .- CAFG >
RN
$ W\
O Parameters: N
5 10! | a=43 N
o K,, = 107* D
5 e = b
o n= 0.07 ‘}\\\\
'g ST =20 kyr N
S 109 - . . N\
= Bell E, .« estimation A
\\
%
1071 5 \\ E l
~ 'J '
| |
1ol—14 10I—13 10I—12 10I—11 10I—17 10I—15 10I—13 10I—11

Flux (cm~2s71)

Cumulative distribution of the detectable SNRs averaged over 100 populations.
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Cumulative distribution of all simulated SNRs averaged over 100 populations.

Flux (cm~2s71)
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o Sedov-Taylor phase

Maximum age of Sedov-Taylor phase
Detectable SNRs All emitting SNRs

mmmn H.E.S.S. firmly identified SNRs
mmmm - Strict upper limit

103 4 mmms Stringent upper limit E T —— -
....... 5 kyr —_————— Ny
— = 10 kyr o _'.‘~\.'_\ ‘
= -+ 15kyr —
— = 20 kyr
$ 102 E — - 50 kyr E
g 100 kyr
3 Parameters:
q_ —
o 10! ja=43
3 Kep = 10
S n = 0.07
3 .
= 0 Steiman-Cameron
1074 1 Bell Ep.y estimation
1074 :
10-14 10713 10712 10~ 1077 10715 10713 10~
Flux (cm~2s71) Flux (cm~2s71)

Cumulative distribution of the detectable SNRs averaged over 100 populations. Cumulative distribution of all simulated SNRs averaged over 100 populations.
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dominated by hadronic emission
Kep=10730
1019 — - Kep = 10740 y—————
< - -« Kep=10730
. . % 0.84 __ _ Kep=10—2.5
* Asthe electron-proton fraction increases £ . Key=10-20
the hadronic fraction decreases £ 06;
* |sthis the only property that changes the &
hadronic ratio? e 02
:._E 0ol R Ry
—-0.2 4
10|—14 10|—13 10|—12 10|—11 10|—10

Integrated Flux (>1 TeV) (cm~2s~1)

Cumulatively binned in integrated flux.
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Ratio of detectable sources
B dominated by hadronic emission
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Maximum energy of particles

Hillas

Parameters:
a=4.2

Kep =105

n = 0.09

ST =20 kyr
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102 107! 100 100
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Results — Parameter exploration (Hillas)
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Radius and luminosity distributions
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