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What happens at PeV scale ?
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COSMIC-RAY SPECTRUM AND PEV
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% 101 wecope amay | = Push galactic acceleration models to their limits to go to PeV
) " - Better understand CRs acceleration and the contributions of
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— T + IRGB v+ 7 * Problem to observe CRs: CRs diffused
107° —-{ = Can’t link them to their original sources
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OUTLINE

LHAASO
Accelerator Molecular cloud




OUTLINE

'—HAASO For which sources and parameters (distance, time,...)
Accelerator Molecular cloud =~ == | canadense molecular cloud present an excess of y
e TSR e rays at different energies ?

—>Model escape and transport of CRs between sources
and molecular clouds, and the consequent production
of y rays at different energies

Theory |- Focus on YMSCs (stellar wind), p* and E=3PeV (knee)




OUTLINE

'—HAASO For which sources and parameters (distance, time,...)
Accelerator Molecular cloud = ey can a dense molecular cloud present an excess of y
= rays at different energies ?

—>Model escape and transport of CRs between sources
and molecular clouds, and the consequent production
of y rays at different energies

Theory |- Focus on YMSCs (stellar wind), p* and E=3PeV (knee)

Find corresponding existing systems, use LHAASO to compare the model to the observed y-ray flux

- ldentify the contributions of different classes of galactic accelerators to the flux of CRs in the PeV domain.
—> obtain better constraints on different acceleration parameters (WTS efficiency, injection spectrum in the ISM,...)

Applications and perspectives 3



WTS : ACCELERATION AND ESCAPE
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WTS : ACCELERATION AND ESCAPE

AMBIENT
INTERSTELLAR GAS

WTS (slowly moving)
—>Fermi acceleration by multiple crossings

SHOCKED
STELLAR WIND

— Forward shock

STELLAR
WIND

Bubble inflated by stellar winds
—acceleration in WTS

SHOCEKED
Gabici, Cosmic rays from star clusters  1NTERSTELLAR GAS

E) 2 <a<2.4

cut

- Take simple injection spectrum in the ISM of the form E~% exp (—

- Take Efficiency € = 11—0 for both, but goal is to constrain €,,;,,4
- Take Ecyt wing = 3PeV



TRANSPORT MODEL

e Diffusion equation

* Spherically symetric case (3D)
* |sotropic source
* Point-like sources
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e Diffusion equation
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TRANSPORT MODEL

e Diffusion equation

* Spherically symetric case (3D)
* |sotropic source
* Point-like sources

Particle distribution function < >
R - finj

of D(E)d ,0f 0 (E
—_— + E
ot~ R? R\ 9r T 9E rppf +\S(E’R’ t)lscont(E,R,t) ‘“R)q

\ ) } —
(_y_} Y | Source (injection)

=0 for Diffusion Energy losses Analytic solution !
stationnary D, E\° (Aharonian, Atoyan 1996)
solution D(E) = > _1< ) 0.3<6<0.6
cmes 10 D, ~ 1028 5



P-P INTERACTIONS AND y RAY

MCs are very dense = a lot of target protons

O

p+p=> ...+ Ty 2 2y

d : (7o decay)



P-P INTERACTIONS AND y RAY

MCs are very dense = a lot of target protons

O

p+p=> ...+ Ty 2 2y

d (1o decay)

C : , _ ~nN O'Cf Parametrizations of o taken
Y rays emissivity via p-p interactions : q)/ H from Kafexhiu et al, 2014

Qy M cloud
2
dtnyd= m,

y rays flux observed on Earth: by




Y _RAYS FLUX AND DETECTIONS

—>Need LHAASO sensitivity (3yrs) +angular resolution, and also the mass of the cloud and its distance to the Earth

y ray flux at ~ 1GeV

1073 , .
—— wind,6=0.4,a=2.2,Dp=1e+27
—— wind,6=0.5,a=2.2,Dp=1e+27
1072 wind,6=0.4,a=2.3,Dp=1e+27
.-I’."‘ wind,5=0.4,a=2.2,Dp=1e+28
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W
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Background for ~ 1GeV y rays
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—— Fermi-LAT sensitivity for ~ 1GeV y rays
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RAYS FLUX AND DETECTIONS

—>Need LHAASO sensitivity (3yrs) +angular resolution, and also the mass of the cloud and its distance to the Earth

y ray flux at ~ 1GeV

—— wind,6=0.4,a=2.2,Dp=1e+27
—— wind,6=0.5,a=2.2,Dp=1e+27

wind,6=0.4,a=2.3,Dp=1e+27
—— wind,6=0.4,a0=2.2,Dp=1e+28

Ly=3.5e+38

time=3Myr

dEarth, cloud= 1k pcC

Background for ~ 1GeV y rays
g - vray Mecioud=1.0€5Mg
—— Fermi-LAT sensitivity for ~ 1GeV y rays
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y ray flux at 0.3PeV

Background for ~ 0.3PeV y rays
—— LHAASO sensitivity for ~ 0.3PeV yrays
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RAYS FLUX AND DETECTIONS

—>Need LHAASO sensitivity (3yrs) +angular resolution, and also the mass of the cloud and its distance to the Earth

y ray flux at ~ 1GeV

—— wind,56=0.4,=2.2,Dp=1e+27
—— wind,6=0.5,a=2.2,Dp=1e+27
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—— Fermi-LAT sensitivity for ~ 1GeV y rays
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y ray flux at 0.3PeV

Background for ~ 0.3PeV y rays
—— LHAASO sensitivity for ~ 0.3PeV yrays

o 1ot d¢ | 10°
R(pc)

LHAASO sensitivity gives bigger constraint to
detect the flux and an Ry effective




Y RAYS SPECTRA AT FIXED PARAMETERS

Can fix the distance and see the spectrum at this distance to compare with differential sensitivities:

y rays spectra

1077 —— wind,6=0.4,a=2.2,Do=1e+27 —2>Suppose a suppression of diffusion
Background coefficient via streaming instabilities
'Tﬁ —— 0.3PeV
W ---- LHAASO 3yrs (point-like)
' --=-- CTA 50hrs (point-like)
E Fermi-LAT 10yrs (point-like)
g Ly=3.5e+38
€ time=3Myr
TLI>- Mcioud=1€5Mg
dEarth, c!oud=1kpc
R=50.0pc
~15
00 100 1o 10 105 |
E(GeV) Corresponds to the

parameters studied before



Y RAYS SPECTRA AT FIXED PARAMETERS

Can fix the distance and see the spectrum at this distance to compare with differential sensitivities:

y rays spectra

-9 _
10 —— wind,6=0.4,a=2.2,Do=1e+27 —2>Suppose a suppression of diffusion
Background coefficient via streaming instabilities
'Tﬁ —— 0.3PeV
W ---- LHAASO 3yrs (point-like)
' ---- CTA 50hrs (point-like)
E Fermi-LAT 10yrs (point-like)
o)
o Lw=3.5e+38 _ .
- time=3Myr e Constrain the parameter space to find the
% Meioug=1€5Mo configurations of parameters that enable detectable
dEarth, cloud=1KPC excess with LHAASO
R=50.0pc
10_1150_3 101 1o 103 105 | e Can link and predict excess at PeV with the
amount of excess at lower energi
E(GeV) Corresponds to the erenersies

parameters studied before



LHAASO 1st
catalog, 2024

LHAASO
Collaboration,
Science China
2024

APPLICATION: W43 CLUSTER

VHE/UHE Gamma-ray emission in W43 region, that contains very massive clouds and a powerful star cluster

Omax: 16.25
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APPLICATION: W43 CLUSTER

VHE/UHE Gamma-ray emission in W43 region, that contains very massive clouds and a powerful star cluster

Omax: 16.25
25-100TeV OSNR  x PSR

LHAASO 1st (@) L HA, ASO jil 848-0153u | HESS Galactic

catalog, 2024 plane Survey,
2018
d —cluster ~50pc

LHAASO 5 X . % ges Mo .
Collaboration, d ~5opc B
Science China , ;/;CluSthSeSM Y

, e, A

(deg)

2024

. ~ 2.5e5M
dc—cluster ~;<130pc

©
o

Miville-
Deschenes, 2017

o
Oangular ~ 0,4 ’

31.8 3.2 30.6 30.0
Galactic Longitude (deg)

Galactic Latitude

R.A.

Leptonic ? T yp; ¢~ too low for this emission size



1D LINEAR ANISOTROPIC DIFFUSION MODEL

t ~ 6MyT', d = 4,9kpC (Kharchenko, 2013)

[

f(x,t) = bkg

fld(xl t)
gfield lines

I\

Linfrarea ~ 1,540 erg/s (Motte, 2002)

1 .
2> L, ~ EM v? (Seo 2018, Menchiari 2023) ~ 3e38 erg/s

P N

- 1

ny = 10cm &)W‘\43 @ @ZSB\C}J
R = 50pc

\

f(x,

)/

Rcoherence ~ 10 OpC

t) = bkg

(We assume there
is a small amount

of perpendicular
diffusion)
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1D LINEAR ANISOTROPIC DIFFUSION MODEL

fld(xl t)
\ t ~6Myr, d = 4,9kpc (kharchenko, 2013) Ryrs = 7pc B field lines /
.
T A ) —
f(x,t) = bkg ng ~ 10cm=3 oy N/ f(x,t) = bkg

Rwas % 7 \4R\Mc)\z ZSB\CJ

(We assume there

I\
Jj

Linfrarea ~ 1,5€40 erg/s (Motte, 2002) R = 50pc is a small amount
N of perpendicular
2> L, ~ %M v? (Seo 2018, Menchiari 2023) ~ 3e38 erg/s Reonerence ~ 100pc diffusion)
3 3 1 2

€N, 10 ng \ 10 Uy 2 t 5
. RWTS ~ 35 3 1 PC  (Weaver 1977, see review Gabici, 2023)
100 cm 3000 km.s 10Myr
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1D LINEAR ANISOTROPIC DIFFUSION MODEL

fld(xl t)
\ t ~6Myr, d =~ 4,9kpc (kharchenko, 2013) Ryrs ~ 7pc B field lines /
| adiRa /
f h [ S r—t—
X, = ~ -3 —
/g ng ~ 10em= - % /) " Ruc = 2535}/ \f(x, t) = bkg
/ < - \ (We assume there
Linfrarea ~ 1,5€40 erg/s (Motte, 2002) ) R = 50pc is a small amount
) _ of perpendicular
> L, ~ %M v? (Seo 2018, Menchiari 2023) ~ 3e38 erg/s Reonerence ~ 100pc diffusion)

3 3 1 2
€N« Y10 ng \ 10 u 2 t \s
- RWTS ~ 35 ( ) (_0_3) ( & _1) ( ) PC  (Weaver 1977, see review Gabici, 2023)
100 cm 3000 km.s 10Myr

. .. Ds RR . : :
- Estimation : D‘f ~ Czhzerence ~ 100 (energy dissipated in smaller space) = solves the problem of D, suppression
l sh
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1D LINEAR ANISOTROPIC DIFFUSION MODEL

fld(xl t)
\ t ~6Myr, d =~ 4,9kpc (kharchenko, 2013) Ryrs ~ 7pc B field lines /
| adiRa /
f h [ S r—t—
X, = ~ -3 —
/g ng ~ 10em= - % /) " Ruc = 2535}/ \f(x, t) = bkg
/ < - \ (We assume there
Linfrarea ~ 1,5€40 erg/s (Motte, 2002) ) R = 50pc is a small amount
) _ of perpendicular
> L, ~ %M v? (Seo 2018, Menchiari 2023) ~ 3e38 erg/s Reonerence ~ 100pc diffusion)

3 3 1 2
€N« Y10 ng \ 10 u 2 t \s
- RWTS ~ 35 ( ) (_0_3) ( & _1) ( ) PC  (Weaver 1977, see review Gabici, 2023)
100 cm 3000 km.s 10Myr

. .. Ds RR . : :
- Estimation : D‘f ~ Czhzerence ~ 100 (energy dissipated in smaller space) = solves the problem of D, suppression
l sh

» Analytic solution f;4(x, t) ~ Rco’lger;’;ce_xE_“é slope E~%79 as in 3d but not in 1/R
a “*sh
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1D LINEAR ANISOTROPIC DIFFUSION MODEL

\

f(x,t) = bkg

(We assume there

)/

is a small amount

of perpendicular
diffusion)

fia(x, t)
\ t ~6Myr, d = 4,9kpc (kharchenko, 2013) Ryprs ~ % B field lines

f(x,m ng =~ 10cm=3 { ﬂi \) J(T— \5

o e

/Li,l;ared ~ 1,5e40 erg/s (Motte, 2002) « R = 50pc

2> L, ~ %M v? (Seo 2018, Menchiari 2023) ~ 3e38 erg/s Reonerence =~ 100pc
3 _3 _1 2
" Ryrs ~ 35 (611(\),:) )10 (C;—O_g) 10 (300012/7‘]11.5‘1) ’ (101\;3”)5 DC  (Weaver 1977, see review Gabici, 2023)

- Estimation : l;“ ~ B Rczhze’”ence ~ 100 (energy dissipated in smaller space) = solves the problem of D, suppression

i sh

» Analytic solution f;4(x, t) ~ Rco’lger;’;ce_xE_“é slope E~%79 as in 3d but not in 1/R
a “*sh

- Other clouds not visible by LHAASO since they are farther, less massive and not in the anisotropy direction
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RESULTS

y rays spectra

10-3 10! 101 103 105
E,(GeV)

wind,5=0.41,a=2.35Dg=7e+25 > Too low

wind_1d,6=0.4,a=2.35Do=3e+28

Background

LHAASO 3yrs (point-like)
CTA 50hrs (point-like)
Fermi-LAT 10yrs (point-like)
HESS fit ]1848-018
LHAASO 1848 0153

Ly = 3e38erg/s
time=6Myr
Mcioua=8e5Mg
dea rth, cioud=5kpc

R=50.0pc

9 ~ Dgal
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y rays spectra

RESULTS

10—15 :

—— wind,6=0.3,a=2.03Dy=2.25e+27 > Not too low

Background
---- LHAASO 3yrs (point-like)
---- CTA 50hrs (point-like)
Fermi-LAT 10yrs (point-like)
—— HESS fit J1848-018
LHAASO 1848 0153

\{ }  Fermi analysis (Yang,Wang,2020)
“:}{! \ . - | Ly,=3e38erg/s
~ \\h_}‘. time=6Myr

Mcioug=8e5Mg
dea rth, cloud=5 |(|JC

R=50.0pc

1073

101

101
E,(GeV)

103

105
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RESULTS

y rays spectra

10—15 :

1073

Ecutorr ~ 0.5PeV = around proton knee (Argo: 0.7 PeV)

- NBLw
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- 1B

101

103

E (GeV)

Lw

3000km.s~1 50pc

2
vw Ryrs

0,02 3e38erg.s~1

Vw

2
Ryrs

105

7'uG 9Emax,Hillas ~ 310"

—— wind,5=0.3,a=2.03JDp=2.25e+27] = Not too low
Background
LHAASO 3yrs (point-like)
---- CTA 50hrs (point-like)
Fermi-LAT 10yrs (point-like)
—— HESS fit J1848-018
LHAASO 1848 0153
}  Fermi analysis (Yang,Wang,2020)

Ly = 3e38erg/s
time=6Myr
Mcioua=8€5Mg
dea rth, cloud=5 |(|JC

R=50.0pc

Uy B 2Ry s

V ~ 09 PeV
1000 km s—* uG pc *© 1




RESULTS

y rays spectra

107° —— wind,6=0.3,a=2.03Py=2.256+27] > Not too low
1094 Background
— ---- LHAASO 3yrs (point-like)
|m 1010 ---- CTA 50hrs (point-like)
f;* Fermi-LAT 10yrs (point-like)
E 10114 —— HESS fit J1848-018
~ LHAASO 1848 0153
% 10125 }  Fermi analysis (Yang,Wang,2020)
E 10134 | Ly =3e38erg/s
Tubh ' time=6Myr
10144 Mcious=8€5Mo Constrained parameter:
] IE*“*‘f_:.an"th, cloud=5KpC
10-15 - | | | | R=50.0pc
1073 1071 101 103 10° €Ly € Ly 2.25e27 cm?s~ 1 49 pc?
>— ~ — > 2.7e8 erg.cm
EF(GEV) DoRyyrs 0.1 3e38erg.s Do Ryrs
Ecutorr ~ 0.5PeV = around proton knee (Argo: 0.7 PeV) S Gives —
Dy
NBLw nB Lw 3000km.s~1 50pc Uy B 2Ryrs
~ o R ~ 502 3038 erg s o 2 7uG éEmax,HmaS ~ 3.1012 1000 km =% 4G pe el/ ~ 0.9 PeV
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CONCLUSION AND PROSPECTS

Theoretical side :

- Excess around PeV possible with YMSC but result very sensitive to a change of parameters («, §, Dy, Ly, ...)
- Limitation: y ray detector (LHAASO) sensitivity = for plausible parameters, R mustbe < 500 pc
 Needs either D, suppression or 1D diffusion

- Can do it for other energies = whole spectra
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Theoretical side :

- Excess around PeV possible with YMSC but result very sensitive to a change of parameters («, §, Dy, Ly, ...)
- Limitation: y ray detector (LHAASO) sensitivity = for plausible parameters, R mustbe < 500 pc

 Needs either D, suppression or 1D diffusion

- Can do it for other energies = whole spectra

Application : W43

* Observed UHE gamma-ray flux by LHAASO, no SNRs nor pulsars nearby yet
* W43: Powerful young cluster (t = 6Myr,L ~ 3e38erg/s) + Very massive cloud (M= 8e5M,))

- Good fit of the datapoints with this system and 3D diffusion

1e28cm?s™1 1

- Inferred parameters are consistent and constrained (slope, DO, cutoff). Main constrained quantity : | ¢ - ~ T
0 "

- Can indicate a stellar wind contribution for PeVatrons !

Perspectives : More sophisticated models, Apply to other such systems and dark PeVatrons
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CONCLUSION AND PROSPECTS

Theoretical side :

- Excess around PeV possible with YMSC but result very sensitive to a change of parameters («, §, Dy, Ly, ...)
- Limitation: y ray detector (LHAASO) sensitivity = for plausible parameters, R mustbe < 500 pc

 Needs either D, suppression or 1D diffusion

- Can do it for other energies = whole spectra

Application : W43

* Observed UHE gamma-ray flux by LHAASO, no SNRs nor pulsars nearby yet
* W43: Powerful young cluster (t = 6Myr,L ~ 3e38erg/s) + Very massive cloud (M= 8e5M,))

- Good fit of the datapoints with this system and 3D diffusion

1e28cm?s™1 1

- Inferred parameters are consistent and constrained (slope, DO, cutoff). Main constrained quantity : | ¢ - ~ T
0 "

- Can indicate a stellar wind contribution for PeVatrons !
(See paper in preparation

Perspectives : More sophisticated models, Apply to other such systems and dark PeVatrons '
for more details)

Thank you for your attention !
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