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density ~ 100 mn cm?
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Diameter ~ 100 times smaller than a galaxy

1. Introduction



Building block of a galaxy
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e found everywhere in a galaxy.

® help to understand galaxy evolution.

1. Introduction




Stellar activities cause y-ray, X-ray, radio emission

® Typically, a star cluster is made of ~10 - 1000 OB stars
® Wind mechanical power (Lw) ~10°7 — 10%° erg s! ~ 2 (10° -10°) Lo
® Stellar radiation bolometric luminosity (Lpo1) ~ 500 Ly ~ (10° -10%) Lo

gamma-ray (0.1-200 GeV) X-ray (0.5-2 keV) non-thermal radio (1.4 GHz)
Chandra

»

50:00.0 45:00.0 5:40:00.0 35:00.0 30:00.0
Right ascension

Lr (1.4 GHz) ~ 0.01% Ly
(Abdo et al. 2010; Knodlseder 2013) (Lopez et al. 2011) (Murphy et al 2012, Hughes et al. 2007)

Evidence of cosmic ray acceleration

2. Observation



A Cocoon of Freshly Accelerated
Cosmic Rays Detected by Fermi in the

Cygnus Superbubble
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Ackermann et al. 2011
Science, 334, 1103

Gal. longitude (deq)

2. Observation



Diffuse y-ray emission in the vicinity of young star cluster
Westerlund 2

Yang, de Ona Wilhelmi & Aharonian A&A 611, A77 (2018)

Infrared image of
Westerlund 2

Image credit: E. Churchwell, NASA

2. Observation



Questions to be answered

1. How does cosmic ray acceleration atfect the structure of
superbubble?

2. Can we model it from multi-wavelength luminosities?



Theoretical modeling

1. Mass

p)Al Momentum

3. Energy

@ usually do not include effects of relativistic particles
© Need a system that has both thermal fluid and CRes.

3. set-up equations



Theoretical modeling

1. Mass

p)Al Momentum
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3. set-up equations



Equations solved ...
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(e.g. Pfrommer et al. 2006; Salem & Bryan 2013; Booth et al. 2013)

3. set-up equations



Equations solved ...

Spitzer 1962
1. Mass
2 Momentum CR term Cloudy (Ferland et al 1998)
ol nerey e e

Drury & Volk (1981) Guo & Oh (2008)

Cooling + Heating

=

3. set-up equations



Equations solved ...
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Implemented two-fluid solver in PLUTO

Mignone et al. 2007; Gupta et al. in prep

3. set-up equations



Simulation set-up

orid resolution
central region
Ar =0.1pc
other region
Ar =~ 0.5pc

4. Result



Simulation set-up

] 0 y (po)

Z(pc)" .-l...- ..............

orid resolution
central region

Ar =0.1pc

Stars

other region
Ar =~ 0.5 pc

4. Result
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4. Result



Ambient density profile

Time = 0.00 Myr
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4. Result



Ambient density profile

Time = 0.00 Myr
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4. Result



Cosmic ray injection: wind driving region?

Model I:

Ecr — Ccr b
er ~ 0.01 — 0.2
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4. Result



Cosmic ray injection: reverse & forward shock?

Model 11:
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Cosmic ray injection: reverse & forward shock?

Model 11:

Feor
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Confusion

Wind driving
region?

Reverse and forward
shocks?

we investigate two cases separately.




CASE I: CR injection in wind driving region
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Gupta. S., Nath, B. B., Sharma, P. & Eichler, D. 2018, MNRAS

4. Result: diffusive shock acceleration



CASE I: CR injection in wind driving region
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4. Result: diffusive shock acceleration



CASE I: CR injection in wind driving region
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simulation performed using our two-fluid code RAINBOW

4. Result: diffusive shock acceleration



CASE Ila: CR injection at forward shock

Thermal pressure CR pressure
103 8 | IIIIII| | | IIIIII| | | IIIIII| EE | IIIIII| | | IIIIII|
i ' T
2
QS) 10 = = = —
D)
g 1 i
% 101 = =+ CR diffusion off —
2 I r. .
o
= 10° EF + E
2
= 1
% 107!k =+ CR diffusion on
E .
'2 11 | L1l
10
10° 10" 10°
r (pc)

@ Forward shock 1njection does not change interior structure.

4. Result: CR injection



CASE IIb: CR injection at reverse shock

Thermal pressure CR pressure
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@ Reverse shock mjection reduces thermal energy.

4. Result: CR injection



Take home message

1. How does cosmic ray acceleration atfect the structure of
superbubble?

Effects of CRs depend on CR injection region.

Reference: Gupta, S., Nath, B. B., Sharma, P. & Eichler, D. 2018, MNRAS



Gamma Ray



Gamma ray

Hadronic:

T — — H T+ V-
p-p, paap — § ©
< U —»]/+7/

L,}yI x (volume) x (mass density) x (CR energy density)

Leptonic

Photons gain energy via inverse Compton scattering

LIWC x (volume) x (radiation energy density) x (CR e~ energy density)

stellar radiation, IR >> CMB

Take home message

O both processes are important for smaller bubbles (R <10 pc)

4. Result: Gamma ray



Gamma ray

Gamma ray surface brightness map (erg 51 cm'z)
107 105 10
B T L,

(al) IWD - Hadronic

— CR injection at

wind driving region
LY ~5% LW

(a2) IWD - Leptonic

-80-60-40-20 0 20 40 60 80
x (pc)

Used prescription: Dermer 1986; Pfrommer & Ensslin 2004

4. Result: Gamma ray



Gamma ray

Gamma ray surface brightness map (erg 51 cm'z)
10°6 105 10
.

(al) WD - Hadronic (b1) ISH - Hadronic

\ CR injection at
reverse shock
and
(a2) WD - Leptonic (b2) ISH - Leptonic forward shock
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4. Result: Gamma ray



Gamma ray

Gamma ray surface brightness map (erg 51 cm'z)
10°6 105 10
.

(al) WD - Hadronic (b1) ISH - Hadronic

\Lv~1%Lw

(injection dependent)
preferred model

(a2) IWD - Leptonic (b2) ISH - Leptonic

PIC simulation may help
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4. Result: Gamma ray



X - Ray



X-ray (0.5-2 keV)

X-ray surface brightness map (erg sl Cm—z)
10”7 10°°

(2) One-fluid ISB (TC = off)

(b) One-fluid ISB (TC = on)

Lx ~ 0.01% Lw
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-80-60-40-20 0 20 40 60 80

(c) Two-fluid ISB - IWD (TC = on) (d) Two-fluid ISB - ISH (TC = on)

Lx << 10/0 LW

Lx < 10/0 LW
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4. Result: X-ray

Take home message

© thermal conduction is important
O over predicts X-ray luminosity?

© preferred model - shock injection

@ needs MHD simulations



Radio emission



Radio luminosity

Non-Thermal radio:

© Synchrotron emission from relativistic electron

dLR 94 R ? B +0 Ccr_e v —0.6 —1 —1
OR 1.4 % 10 2 ( ) H
dv . ( 10 pc) 40uG 10~ 9¢cgs /) \1.4GHz . ’

c
:
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4. Result: Radio



Radio luminosity

Non-Thermal radio:

© Synchrotron emission from relativistic electron

dLR 94 R ? B +0 Ccr_e v —0.6 —1 —1
OR 1.4 % 10 2 ( ) H
dv . ( 10 pc) 40uG 10~ 9¢cgs /) \1.4GHz . ’

<
§

© Bremsstrahlung of thermal electrons

dL R hv
—|g = 2.7 x 10* - ~1Hy !
T E: X (10pc> exp [ = 4] erg s Z

4. Result: Radio



Radio luminosity: MHD is needed
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© Thermal radio ~ non-thermal radio

4. Result: Radio



Take home message




Take home message

2. Can we model CRA from multi-wavelength luminosities?
A. Gamma-ray and X-ray luminosity can be used to model CR

acceleration efficiency.

B. Interpretation of radio observations needs more accurate modeling.

Reference: Gupta, S., Nath, B. & Sharma, P. (arXiv:1804.05877)



Stellar wind + Supernovae
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4. Result: Radio



Do all star clusters form
reverse (wind termination) shock?

WORK IN PROGRESS




Summary

The effect of CRs in SN blast wave —Chevalier 1983 (also see Diesing & Caprioli: arXiv1804.09731)

We have generalized the interstellar bubble model of Weaver et al. 1977
in presence of cosmic rays.

1. Star clusters can efficiently accelerate cosmic rays in their wind termination shock.

2. This study will be useful to constrain cosmic ray acceleration from multi-wavelength
observation.

What’s next?

Magnetized bubble — needs input from observation — CR-MHD/PIC.

Contribution of star cluster in Galactic CRs.
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Two-1luid shocks
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2. set-up equations



