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Problem
@ Theoretical Predictions
o Why only WR 117
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Emissivity of Different CWBs ® innsbruck

spectral type WC8 + O7.4
total kinetic

power 0.6

of winds

~-ray flux

(0.1 to 100 1.840.6"
GeV)
orbital
modulation
high-energy
~-ray 0.0037*
luminosity

nonthermal

radio 1.52
luminosity

nol

WR? 4 LBV WC7 4 08

2.82

1844303

yes®

7.8%

6.12 10%° Js=t

<11'/<96* 107°—_&

m—2s—1

- 1027 Js7t

262 1022 Js!

* Pshirkov ﬁé)

2 De Becker et al. (2013)

3 Ferme LAT 4-Year Point Source Cataloque
4 Werner et al. (2013)

5 Reitberger et al. (2015)
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| Physical Parameters of Different CWBs & ihsrick.

~80l ~2024! ~2900! d

period
eccentricity
distance

stellar separation ~ 170-340 330 - 6300 360 - 6700

mass loss primary
dominant wind

~0.3* ~0.9° ~0.9°

~340* ~2300° ~ 18007
~ 9L ~ 25008 ~ 90"
0O,WR [ 5V, WR O,WR

pc
Ro
1077 M@ yr !

1 van der Huch (2001)

2 Corcoran et al. (2005)

3 Marchenko et al. (2003)

4 North et al. (2007)

5 Smith et al. (2004)

6 Davidson & Humphreys (1997)
7 Dougherty et al. (2005)

8 Pittard & Corcoran (2002)
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CWBs: Our Modelling Ingredients B Insorack:

|
1: MHD Solver Magnetic Field

@ Line-driven winds 100

o Stellar dipole fields

0.001

0.0001

@ Free evolution

le-05

1e-06

1le-07

~500]

1le-08

1e-09

le-10

[] 500 1000
= [Rp] B[ [T]

(RK et al. (2016) ApJ 831, 121)
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CWBs: Our Modelling Ingredients
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|
1: MHD Solver

@ Line-driven winds
o Stellar dipole fields

@ Free evolution

2: Energetic Particles
@ Injection at Shocks

@ Solution of Parker transport
equation

3: Non-Thermal Emission
o Computation From Particle
Spectra

@ Postprocessing

Magnetic Field
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| Maths Behind Stellar Winds o ersieat

Stellar Winds System of Equations
o Example: Hydrodynamics op ) _
5 +V-(pu)=0
a'.;114-V-(puu+pl) =0
ot
Oe
a—i—V-((eﬁ-p)u) =0
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Stellar Winds
o Example: Hydrodynamics
o Radiative cooling

o Force density f:
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Force density
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| Maths Behind Stellar Winds

Stellar Winds
o Example: Hydrodynamics
o Radiative cooling

o Force density f:
o Gravity of stars

System of Equations

dp
a-i-V'(pu)—O
dpu
W—I—V-(puu—l—pl)_f
Oe

— 4+ V- -((e+p)u)=S.+u-f
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o Radiative Driving ot
o Radiative Driving:
o Scattering off free Effect of Electrons
electrons B oLy
8rad,i = dnrZe er;

Force density

n
r; 1
f=p> (~GMi—5 +8raa,i + 8rad,i
i=1 i

I Astrophysical Shocks 2018

Numerical Model



| Maths Behind Stellar Winds
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Stellar Winds
o Example: Hydrodynamics

o Radiative cooling
o Force density f:

o Gravity of stars

o Radiative Driving
o Radiative Driving:

o Scattering off free

electrons
o Line driving

System of Equations
dp
ot +V-(pu)=0
ag;: +V-(puu+pl) =1
Oe
E+V-((e+p)u) =S +u-f

Effect of Electrons

oely i

(=3
8rad,i =

er,
47rr?c K

Force density

n
r; 1
f=p> (~GMi—5 +8raa,i + 8raa,i
i=1 i

Acceleration by Lines
Oe L*,i —a
- c 47rr1.2 ke IFDe”

1
grad,i
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Line Acceleration — CAK Approximation ® innsbruck

|
Line Driving

o Contribution of > 10* lines

@ Wind expansion — Doppler
shift — Expensive
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Line Acceleration — CAK Approximation ® innsbruck

Line Driving Dependence on Optical Depth
o Contribution of > 10 lines " -
@ Wind expansion — Doppler o 1
shift — Expensive ot 1
= 10k B
= (O AL LmEs i
Numerical Approximation B €00094/720000. 30000
107+ T
o Collective: power law 0 RESONANCE LINE oMy |

1 L L 1 1
162 162 16t 100 16t w10
1
(Castor, Abbot, & Klein ApJ 195, 157)

Resulting Acceleration

1 _ Te Ly —a
8rad,i = _ o2kt IFDer;
K
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Line Acceleration — CAK Approximation

|
Line Driving

o Contribution of > 10* lines

@ Wind expansion — Doppler
shift — Expensive

Numerical Approximation
o Collective: power law

@ Dependence on optical
depth ¢

Resulting Acceleration

1 _ Te Ly —a
8rad,i = _ o2kl IFDer;
K

Dependence on Optical Depth

M)

ALL LINES
40000430000, 50000

RESONANCE LINE ONLY

1 L L 1 1
162 162 16t 100 16t w10
1
(Castor, Abbot, & Klein ApJ 195, 157)

M universitat
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Optical Depth

. ‘du -1
= TepUth | —
¢ dr
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Line Acceleration — CAK Approximation

|
Line Driving

o Contribution of > 10* lines

@ Wind expansion — Doppler
shift — Expensive

Numerical Approximation
o Collective: power law

@ Dependence on optical
depth ¢

— Velocity gradient

Resulting Acceleration
ve Luyi ) y—op
c 47rrf ) FDer;

1
8rad,i —

Dependence on Optical Depth

4
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Optical Depth
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Stellar Winds in WR 11 & serack

Situation in WR 11

@ Collision before v, is
reached

o What determines k & a?
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Stellar Winds in WR 11 o erseat

]
Situation in WR 11 Extreme cases
o Collision before v is o k,« <> radiation field
reached o k,a < wind composition

o What determines k & a?

Apastron Configuration

10°
fe——

10%
10"

:

&%
10°

N tad. ace. of primary (at position 0)
10 — — —rad. acc. of secondary / weak coupling
------ rad. ace. of secondary / strong coupling
(secondary located at 344 R)
107
0 50 100 150 200 250
X [Ro]
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Stellar Winds in WR 11 o eersiet

Situation in WR 11

@ Collision before v, is
reached

o What determines k & a?

Velocity (Weak Coupling)
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Stellar Winds in WR 11 B verat

L]
Situation in WR 11 Velocity (Strong Coupling)
o Collision before v is 500
reached

o What determines k & a?

Velocity (Weak Coupling)
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Stellar Winds in WR 11 B verat

L]
Situation in WR 11 Velocity (Strong Coupling)
o Collision before v is 500
reached

o What determines k & a?

Velocity (Weak Coupling)

=200
—400
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Effects
o Radiative breaking
@ Shadowing

-600
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Te . . T | | i ita
| Wind Properties in WR 11 nsbrack
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Specifics: Adding Particles = innsbrack

Transport Equation

dj 0 :
8_;1 — D(E)V2] +V. (ll]) — 8_E ((%V ‘u+ Eloss) .7) = Qod(E - EO)
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Specifics: Adding Particles = innsbrack

Transport Equation

0j . . 0 E : , R
8_;{ _D(E)V2]+V' (u]) - 8_E ((gv ) u“'E‘Ioss) ]) = Qoo (F — Eo)

Physical Processes

@ Injection at shock fronts
@ Advection with fluid flow
@ Spatial diffusion

o Energy losses
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Transport Equation

0j . o ((E N
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Physical Processes
@ Injection at shock fronts
@ Advection with fluid flow
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Specifics: Adding Particles = innsbrack

Transport Equation

0j . o ((E N
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Physical Processes
@ Injection at shock fronts
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Specifics: Adding Particles = innsbrack

Transport Equation

%—D(E)V2j+V-(uj)—8% ((%V-H )J) = Qod(E'— Eo)

Physical Processes
@ Injection at shock fronts
@ Advection with fluid flow

@ Spatial diffusion
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Specifics: Adding Particles = innsbrack

Transport Equation

% - D(E)V2] +V- (u]) - 8% (<§V ‘u+ EIoss) ]) = Q05(E - EO)
ELergy loss processes Physical Processes
@ Synchrotron (Electrons) @ Injection at shock fronts
@ Inverse Compton @ Advection with fluid flow
(Electrons) o Spatial diffusion
@ Thermal bremsstrahlung o Energy losses
(Electrons)
o Coulomb losses
@ Nucleon-nucleon interaction
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Specifics: Adding Particles B Insorack:

Transport Equation
dj e - . 0 E . .
8_;{ —D(E)VZj+V-(uj) — 9E ((gv ‘u+ Eloss) ]) = Qod(E — Ep)

Implementation Physical Processes
o Electrons & Protons @ Injection at shock fronts
— Advected scalar fields @ Advection with fluid flow
— Semi-Lagrangian solver @ Spatial diffusion
o Energy losses
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Specifics: Adding Particles B Insorack:
I
Transport Equation
dj 2. . 0 E - , A
__D(E)V ]+V(UJ)— N .%v’llJFL”OSS J :(2(1()(1-5*]34(),)
ot OFE 3
Implementation Physical Processes
o Electrons & Protons @ Injection at shock fronts
— Advected scalar fields @ Advection with fluid flow
— Semi-Lagrangian solver @ Spatial diffusion
o Energy losses
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Specifics: Adding Particles = innsbrack

Transport Equation

% - D(E)V2j +V- (u]) - 8% ((%V ‘u+ Eloss) .7) = Qo5(E - EO)
In|1plementation Physical Processes
o Electrons & Protons @ Injection at shock fronts
— Advected scalar fields @ Advection with fluid flow
— Semi-Lagrangian solver @ Spatial diffusion
o Energy losses
Results

o Position-dependent particle
flux

— Can compute non-thermal
emission
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| The Role of Spatial Diffusion

M universitat
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|
Particle Spectra

Tog( E2N in MeV em™)

LA

i

.

log( E in MeV)

3 5 O 5 g
log( E in MeV)

log( £ in MeV)

Energy-Loss and Acceleration Rates

ot d)

log( dE/dT in MeV s™)

log( E in MeV)

log( E in MeV)
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Resulting Particle Distribution
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Spatial Distribution
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| Resulting Particle Distribution R

I
Maximum Particle Energies
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| Resulting Particle Distribution = innsbruck

I
Maximum Particle Energies
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Gamma-Ray Emission I R

1
Properties of WR 11
o Electrons Suppressed:

o High radiation fields
e Strong magnetic field
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Gamma-Ray Emission I R

1
Properties of WR 11
o Electrons Suppressed:

o High radiation fields
e Strong magnetic field

@ Dominant Process:

- p+p—=pt+p+n
- 1 = y+y
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Gamma-Ray Emission | S innsbruck

1
Properties of WR 11

o Electrons Suppressed:

o High radiation fields
e Strong magnetic field

@ Dominant Process:

— p+p—pt+p+n°
= 0 =+

Projection of Radiation

1
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Gamma-Ray Emission I

M universitat
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1
Properties of WR 11
o Electrons Suppressed:

o High radiation fields
e Strong magnetic field

@ Dominant Process:

— p+p—pt+p+n°
= 0 =+

Projection of Radiation

Pion-Decay Emission

0.005 aresec

1e-10

Te-11

1e-12

1e-13
Flux [m—2s7']

| |
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Gamma-Ray Emission II B Insorack:

Integrated Particle Spectra
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Gamma-Ray Emission 11
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Integrated Particle Spectra
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Gamma-Ray Emission 11
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L]
Comparison To Data
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Gamma-Ray Emission 11 ® innsbruck

L]
Comparison To Data

'
e

in =)

o
o

F[MeVm2s'])

2
4
in

log ( E

2 3 a
log (Energy [MeV])

Non-Thermal Radiation

-2

log (Energy [MeV])

Conclusion
@ WR 11: hadron accelerator

o Fit to data possible
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Gamma-Ray Emission 11

M universitat
= innsbruck

L]
Comparison To Data
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Ongoing / Outlook

@ Investigation of WR 140,
WR 147, & n Carinae

@ New application:
gamma-ray binaries
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