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PeVatron SNR search

CRs up to PeV are accelerated in Supernova remnant (SNR)?
— PeV protons emit ~100 TeV gamma rays via the neutral pion decay.

Galactic diffuse emission

Detection of 100 TeV vy rays from

100-TeV source catalog
[LHAASO Collab., 2021]

[ Tibet Collab., 2021] * Blue: PWN, Red: SNR, Green: star formation region
- Name Associated source (< 1.0°)
LT i Z‘Eﬁ%ﬁdu cR PWAN/electrons | 10534+2202 Q° PSR J0534+2200
b [ rulear nalomosel = Ny 4 [ J1825—1 N PSR 11826—1334, PSR 118261256
:.‘:: 104 i Je s\ PSR J1837—0604, PSR 11838—0537
§ o ?’\& 0338 SNR G28.6-0.1
‘ﬁ: """""""" . _ 649—0003 PSR J1849—0001, W43
| Protons ] J1908+0621 | SNR G40.5-0.5, PSR J1907+0602, PSR J1907+0631
3 (a) 25°</<100%, IbI<5°  f1-om local source J1929+1745 | PSR J1928+1746, PSR J1930+1852, SNR G54.1+0.3
g e T T T e e T e e | 7195642845 PSR 11958+2846, SNR G66.0—0.0
Energy (TeV) 12018+3651 PSR 1202143651, Sh 2-104
Electrons from PWNe J2032+4102 | Cyenus OB2, PSR J2032+4127, SNR G79.8+1.2
cannot explain the 100-TeV flux? 12108+5157 -
— Support for Galactic PeVatrons 12226+6057 SNR G106.3+2.7, PSR 12229+6114

There is no conclusive observational evidence.




My Study

Q. Why we can't find SNR PeVatron?

LHAASO 100 TeV sources

Reason 1: Although LHAASO already
detect the emissions from SNR PeVatron,
we cannot resolve the emission mechanism.

Name Associated source (<1°)

J0534+2202 | PSR J0534+2200 (Crab)

T
T

SNR G106.3+2.7,
PSR J2229+6114

— Detailed y-ray observations with better
angular resolution can discover them?

J2226+6057

Reason 2: Only young SNR (< 1 kyr) can
i produce PeV CR, and they already escaped
from SNR at the early stage.

i Thus, the observation opportunity is few?

— Measure the time evolution of the
maximum acceleration energy of SNRs.
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MAGIC y-ray observation of
LHAASO J2226+6057/
SNR G106.3+2.7

[MAGIC Collab.: H. Abe, TO et al.,, A&A in press, arXiv: 2211.15321]




SNR G106.3+2.7 / Boomerang PWN

© One of the PeVatron candidate
HAWC, TibetASy, and LHAASO detected 100 TeV y-ray emission

[Albert+ 2020; Amenomori+ 2021; Cao+2021]

@ PWN & SNR complex (Boomerang PWN & SNR G106.3+2.7)

SNR age: 4-10 kyr [Halpern+2001, Kothes+2006]
Origin of the VHE emission 1s unclear. PWN or SNR? hadronic or leptonic?

LHAASO spectrum [Cao+2021 ] VERITAS >0.63 TeV [Acciari+2009]
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MAGIC observations

The MAGIC observations were
performed with better angular resolution
than previous y ray observations

in the vicinity of SNR G106.3+2.7.

credits: Daniel Lopez/IAC

VERITAS (pre-upgrade) MAGIC
[Acciari+2009] [This work]
Observation period 2008 2017 —-2019
. . x3.6
Observation time 33.4 hr > 122 hr
Analysis threshold 0.63 TeV 0.2 TeV
o/ _ : o
68%-containment 0.11° 0.084° (>0.2 TeV)

radius of PSF

0.072° (> 1 TeV)




MAGIC skymap
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y-ray emission > 0.2 TeV extends along with radio continuum emissions,
named Head & Tail by Joncas & Higgs (1990).

High energy emissions are offset (0.47 £ 0.03 deg) from the pulsar position.
- The position 1s in good agreement with other experiments.
- Extension (0.14 £ 0.09 deg) 1s consistent with Tibet ASy (0.24 + 0.10 deg).



Energy spectrum of SNR G106.3+2.7

Two regions, Head & Tail, are newly defined.

(@) > 0.2 TeV

PSR J2229+6114

N

MAGIC head
MAGIC tail

'=1.83+0.10,,

[0] @oueolIUBIS

408 MHz continuum

338.25 337.5 336.75 336.0
RA [deg]

The spectra of Two regions are similar
but at ~10 TeV, Head has lower flux.
— MAGIC-Tail is a promising
counterpart of the 100 TeV source.

Our result 1s consistent
with VERITAS within 16 uncertainty.

E2 dN/dE [TeV cm? s

10"

107

Energy [eV]

Whole region

-

X
0

Fermi-LAT (2019)
VERITAS (2009)
Milagro (2007, 2009)
HAWC (2020)

Tibet ASy (2021)
LHAASO (2021)

E il

10"

0 1011

10" 10" 10" 10"
Energy [eV]



Modelling result -Head (near PSR)-

Modeling with naima [Zabalza 2015]

— IC

X-ray 1D profile [Ge+2021]

Leptonic for head
—— Synchrotron 10°E— T T
— 10-11 o F ey
T 0 Suzaku “East” 8 ( ) _
r\llm (scaled WiF[‘] integrated region) ; SNR Head s ]
E [FUJ 1ta+20 2 1 ] {1 q‘g I (e escaping PWN) (e accelerated at SNR shock)

O _ i S A7 |
9 10 12| o 10 g ; .
[} < S B4 ]
— > 2 % )
w CGPS iy, ]
o 2 fE} i i

= 10-13| [Pincault+ = ..__ Ml $lrrecdIIg

ks 2000] el LT T
LLl “E S e ' ) E
25F =5 - = 3 =

Sync. CMB+IR % 20F _seeerE .
Y ( ) ab oftening .
1074 -4 10-1 102 E 1T 14 10E L L L
1074 10! 102 10 10T 10 500 7000 7500
Energy [eV] Angular distance to pulsar (arcsec)
Leptonic 2.6 360 TeV 1.4%10% erg 3 uG

Leptonic emission can reproduce the MWL spectrum in the head region.

X-ray results for the head region (Ge+2021, Fujita+2021) suggest
the synchrotron emission originates in the Boomerang PWN.
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Modelling result -Tail-

— IC(Ec =120 TeV) Leptonic for tail —— Hadronic Hadronic for tail

—— Synchrotron (Ec=120TeV) o | [ e IC (Case A)
7 1071 == 1C (Bc = 1200 Tev) o107 Synchrotron (Case A)
‘\Ilm === Synchrotron (Ec = 1200 TeV) (\Ilm —— IC (Case B)
IE Suzaku “West” _ IE —— Synchrotron (Case B)
v —12| (scaled with integrated regiopy RN v 12|
g 10 [Fujita+2021] 22 ﬂ'\ g 10
W CGPS [
2 [Pineault+ 3
S 10771 5000) V1 5 1070
W \ W

\‘ (CMB+IR)
10144 , , , ‘ 1 ‘ ] 10-14 ‘ ‘ S ‘
104 10-! 104 10> 10% 10'! 10% 104 10°! 10% 10°
Energy [eV] Energy [eV]
o, Ecut, e W, (>1 GeV) B o, | Ecu,p | Wp 51 GeV) N
: 120 TeV
Leptonic | 2.6 1.6 x10* erg | 3 uG - - - -
P (1.2 PeV) 51 -k

Hadronic | 2.5 | 35TeV | 2.0x10%erg | 10uG | 1.7 | 1 PeV | 8.2%10% erg | 200 cm™

Leptonic: Electrons of SNR-tail can reproduce the MAGIC spectrum
but if assume gamma-ray > 10 TeV 1s only from tail, in tension.

Hadronic: PeV proton 1s not expected in middle-aged SNR (4—10 kyr).
To reproduce the radio-X band, required different electron distribution from protons.



Interpretation for Tail: CR-escape scenario
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Protons escaped from SNR in the past can explain
~ 1 PeV energies and the hard index at the middle-aged SNR (4-10 kyr).

Observer

Delayed by Reflect
Escaped at  diffusion time past particle distribution
tage <1 kyr protOﬂ >
—iffusion hadronic y-ray
........................................................................ >
¢, p Leptonic emissions (Synchrotron)
Example [Gabici+2007]
- Ty o [ aem
w 10-10 -
~ w1012 L
nE E E
g0t >
= )
‘E—J‘IO'“ B 1019
S100 g
lll llllll L 1 lllllll L 1 lllllll
0.1 10 100 0.1 ! 10
E [TeV] E [TeV]

The difference 1n the distribution between electron & proton suggests

they come from the different location (i.e., shell and cloud)?



Measurement of time evolution of
the maximum acceleration energy

by DSA in SNRs

[TO and W. Ishizaki., 2022, PASJ, arXiv: 2203.03240]
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How to measure at a single SNR

Example of Gamma-ray spectra assuming SNR was PeVatron [Gabici et al., 2007]

R roTTTTTT roT T T
E
roton C :
P > - 210-12 ]
Delayed by g, 0_13 X < time evolutlon ]
diffusion time 2 o
Ny Y gm-la Cloud Sl 2kyr
g 3
L4 § -
_____________ >
] i =
l Reflect | Reflect o ots .
i the current age | past particle distribution | g < time evolution |
—————————————— = - S
R | oo nl Ll
\ ’ 0.1 1 10 100

' E [TeV]
Once we observe the spectra in more than two of these region

(e.g., SNR+Cloud or two Clouds),
we can trace the time evolution of the particle distribution on a single SNR.

It is important that SNR and Cloud do not overlap in line of sight.
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Object of interest: SNR HB9 (G160.9+2.6)

6.6 kyr (Dynamical age), Distance from Earth: 0.8+0.4 kpc [Leahy & Tian, 2007]

Advantage 1

GeV y-ray emission from SNR radio
shell was already detected [Araya 2014]

l

Present distribution can be obtained.

CO clouds exist w/o overlapping with
the SNR shell radially [Sezer+2019]

Past distribution can be examined.

Advantage 2

!
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[This work] Analyze the 12-yr Fermi-LAT data
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12-yr Fermi-LAT data analys1s

Fermi TS map & HBS SNR shell [Araya 2014]
ki HB9 SNR shell (this work)

ﬁ%,_fuff{ir.

E2dN/dE [erl| cm~2571]

__>SNRsheH r 255i010

45.0%

HB9 SNR Shell (thls work)

CIOLICI #  R1 (this work)

10711 ¢ HH R2 (this work)

R2:T'=1.84+0.14

e

R1:T'=1.84 £0.18

point source I .V f«}p ' = T =3 T}
. 2 g 10 10 10 10
2019 Ry, 927 N L
[Sezer+2019] e, "Lt Energy [eV]

GeV emissions outside Shell were found.
— Spatial correlation with Cloud (> 60)

Declination [deg]

44.0%

Agn ...................................

2dN/dE [erg cm™2s7}]

Energy spectra at Cloud are harder than

78.0 77.0 76.0 75.0 74.0 73.0 72.0
that of Shell.

Right ascension [deg]



Model of “delayed” y-ray emission
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Solve CR distribution escaping from SNR by the diffusion equation
with 1D spherical symmetry [Gabici+2007, 2009, Ohira+ 2011]

afp,out.
ot

Maximum energy of injected CRs varies as a power-law function of age:

(t$ 7', E) _ DISI\I (E)Afp,out (ts 'rﬁE) — qz),s(ts Ta E)' (3)

E.ow 18 estimated with the observation data (300 GeV). Bt B ( ¢ )_a

tSedov

Distance b/w SNR & Cloud: adopt the 2D distance obtained from radio data

(There 1s an uncertainty in the z-axis (3D), but it can be used as a lower limit.)
17.8 pc N 30 4 pc

AA

»
»

» Distance

SNR |\ Diffusion
—

R1 Diffusion
.................. RadluS:%p(:Radm:mPC Reflected
-60 yr -630 yr SNR age

(6.6 kyr at present) Diffusion coefficient: D(E) = D,E?°
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Modelling result with delayed vy rays

Both spectra of Shell & Cloud can be reproduced simultaneously.

—— Synchrotron e Bremsstrahlung --=- Hadronic —— Total Hadronic from BG
_ 10-10 HB9 shell 'R1 <+ |t R2 +
7 ‘ 3
1071 |
£ :
o 10712 ¢
o} P ]
w 10713 3 IE
o : ]
W E ]
1071 ¢ | | s R 1 9/\ R\ | | i _ 1t
10~ 100 104 108 10%? 10~* 100 104 108 10%? 10~* 100 104 108 10%?
Energy [eV] Energy [eV] Energy [eV]
Shell: Synchrotron (B=8 nQG) Cloud: n° decay (+ electron Brems)
+ IC (CMB + dust) (Ngys = 150 cm for R1, 200 cm for R2)

Model parameters

» Total energy of the supernova explosion: Eqy = 0.3 X 10°! erg [Leahy+2007]

* ISM density: nyq = 0.06 cm [Leahy+2007]

* Electron-to-proton ratio: K., = 2%

* D(E) =D¢E°=3%10?8 (E/10 GeV)!? cm?/s ~ Galactic mean

* E 0w =300 GeV at the current shell & E_ ., =3 PeV at entering Sedov phase




Model dependency on E._ ., @tq.40v

Enngs £ 3 PeV, 100 TeV, 10 TeV — lower limit 2 10 TeV

— EW = 1x1013 eV ——— Emax = 1x1013 eV
- 10‘11 R1 CIOUd —— Ewax = 1x10M eV § = 10-11 | R2 CIOUd —— Emax = 1x10 eV |
ln Ewax = 3X105 eV | in Evax = 3X1015 eV
| 1
g 1012 g 10-12
2 12
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° F 18
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V] We need TeV-PeV observatlons to determine the model parameter
: b\—x—i —— Model ' ' . :—3—4 -==- CTA- North sensmwty (50 hr)1
10—11 L \‘ & Fermi-LAT data 10—11 I \ F-  Expectation by CTA-North
% —-— LHAASO sensitivity (1 yr)
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Delayed y-ray model for G106.3+2.7-Tail

Apply to the SED of MAGIC-Tail region with 2-zone (Shell + Cloud) model

Shell

E,.., = 300 GeV

@ Inverse Compton GeV y-ray

Observer

Diffusion time E,.x =3 PeV at t40, b

2 Synchrotron 0-d TeV vy-
: ycoolintg 11 m——— -E--efa-y--e——y—riy—b
Bsm=3pG = Y  @=m=fmmmmmmme——— >
d,=15pc Synchrotron X-ray
338.25 337.5HA[d3e3§.75 336.0 H . — She” + Cloud
+m ..... Shell
E —=- Cloud
210712
SED can be reproduced with ¢
the model assuming the time- w0 i
lution of E_,. in the SNR. f
cvolution ot Emax e SN Shell Shell / Cloud
107 L : L

107 1072 10! 104 107 1010 1013
Energy [eV]



Comparison of obtained model parameters
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| HBY | GI063+27 Tl

Explosion energy (Eqy) 3.0x10°0 erg 1.0x10°0 erg
: 3 PeV 3 PeV
M R tt
aximum CR energy at tseqoy > 10 TeV) (500 TeV—>5 PeV)
Temporal decay index of E,,,x X ty,.™ 3.2 3.2
Age of SNR 6600 yr 3900 yr
Diffusion coefficient at 10 GeV 3 X 1028 cm?s! 2 X 10%% cm?s!
1016
Both allow acceleration up to PeV. = 1018 | —ves |
Temporal decay index in this work 1s ?123
consistent with the phenomenological &
.. . 5 1012
prediction (o = 2.6 —3.7; Ohirat+2011). ¢
E 1011
Diffusion coefficient varies by i o
109 .

two orders of magnitude. 102 10°
SNR age [yr]

104
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CR luminosity

Calculate the amount of PeV protons escaped from SNRs
— Convert to Lumosity by multiplying SN rate = 0.03 yr! [e.g., Tammann+1994]

T’(z—pesc)ESN E 2—pesc 1 —1 E, —Pesc 2
max _
NeSC(E) = < E1210w X (Enow ) X (Enow ) pesc #

nEsn E—2
\ ln(Emax /Enow )

Lsnr ~ Nese(E) x E? x (SN rate).

Pesc = 2

[V Compare with the CR lummosr[y measured at Earth (Lqg) [e.g., Dermer 1986]

—————————————————————————————————

Lsnr (10 TeV) ' LSNR/LCR; Lsnr(1 PeV) !LSM{/ Lcr

Name lergs™!] i at10TeVi [ergs™!] | atlPeV ;
HBY 2.88 x 10* | 1.08 | 4.56x10°® | 054 |
G106.3+2.7 1.03x10% \  0.39 ./ 1.03x10% \ 1.22 )

————————————————————————————————

Luminosity of protons escaped from SNRs (Lgygr) agrees with
CR measurements at Earth (Lcg) within a factor of 3.
— SNR paradigm for PeV CR origin is supported well.



Conclusion
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Q. Why we can't find SNR PeVatron?

Reason 1: Hidden in 100-TeV y-ray sources where its origin 1s unclear.
l
Precise y-ray observations of SNR G106.3+2.7 with the MAGIC telescopes
strongly suggest proton acceleration up to PeV in the SNR.
[IMAGIC Collab.: H. Abe, TO et al.,, A&A 1n press, arXiv: 2211.15321]

Reason 2: E_ ., In SNRs depends on its age. PeV CRs are produced only by young
SNRS (t,e < 1 kyr). Observation opportunities for SNR PeVatron are few.

l

We newly proposed the measurement method for the time-evolution of E ..
First successful application to the real observation data (HB9)
[TO and W. Ishizaki., 2022, PASJ, arXiv: 2203.03240]
Luminosity of runaway protons from SNRs (calculated with obtained model,
e.g., temporal decay index ~ 3) agrees with CR observations at Earth.

A. We can interpret with the time-evolution scenario for SNRs.

SNR paradigm for CR origin is supported well
CTA and LHAASO/ALPACA observations will provide a robust conclusion.



