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Gamma rays from binaries
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X-ray  binary
(microquasars) nova

colliding wind binary recycled pulsars, 
black widow. red backs

see Dubus, 2013, Astron. Astrophys. Rev., 21, 64

>2009 (1+1) >2010 (4)

>2009 (~30)>2011 (1)

gamma-ray binary

>2004 (5)

2Friday, May 30, 14



3Friday, May 30, 14



Motivation
accreting compact binarygamma-ray binary nova colliding wind binary recycled pulsars in binaries

use binaries to get a coherent picture across objects & scales of
• magnetized relativistic outflows
• accretion - ejection phenomena
• particle acceleration

active galactic nuclei γ-ray bursts supernova remnants pulsars & their nebula

geometry

modulations
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Overview
i. Some history
ii. Gamma-ray binaries: emergence of a new class
iii. What powers gamma-ray binaries ?
iv. Tools of the trade: HE radiation in the context of binaries
v. Current puzzles
vi. A microquasar in gamma rays: Cyg X-3
vii. A nova in gamma rays: V407 Cyg
viii. A colliding wind binary in gamma rays: Eta Car
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2CG 135+01 = LS I+61o303?

Gregory & Taylor 1978

• GeV source discovered in 1977 by Cos B. 
• LSI +61o303 rare HMXB with periodic radio flares in error box

7Friday, May 30, 14



• GeV source discovered in 1977 by Cos B. 
• LSI +61o303 rare HMXB with periodic radio flares in error box
• but source confusion, no tell tale variability.

Hartman et al. 1999 (3EG) Tavani et al. 1998

2CG 135+01 = LS I+61o303?
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• X-ray binary discovered 1966, 4.8 hour orbit, large radio flares discovered 70s
• confused history in gamma rays...
• but triggered developments that led to today’s gamma-ray astronomy

SAS-2 Parsignault et al. 1976

The notorious Cyg X-3

Chardin & Bonnet-Bideau 1988

GeV TeV

Weekes et al. 1981
12.8 ms pulsar: Chadwick et al. 1985 Sudan-I Marshak et al. 1986

muons
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γ rays from compact binaries

• > 1 MeV                                       
non-thermal tails in a few binaries

• > 100 MeV                             
tentative associations

• > 100 GeV                            
confused situation since 1970s

• new Cherenkov arrays detect VHE 
emission from several binaries

McConnell 2002

pre-2004

Cyg X-3 Cen X-3

LS 5039

LS I+61 303

GX 304-1

GX 339-4GROJ1838 SAXJ0625

EGRET > 100 MeV

2004+ breakthrough
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New generation of observatories
radioradioradio mm      IR     IR      UV     UV X-raysX-raysX-rays       γ      γ γ HEγ HEγ HE γ VHEγ VHEγ VHE

HESS
MAGIC
VERITAS

          Fermi
          Agile

H.E.S.S. Collaboration, Stefan Schwarzburg)Fermi
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Identifying binaries: LS 5039

Aharonian et al. (HESS) 2006, A&A

3.9 day orbital period

Point source: position to within 30”
VHE orbital modulation fully confirms association.
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Identifying binaries: 1FGL 1018

Abramowski et al. (HESS) 2012, A&A Ackermann et al. (Fermi) 2012, Science

PSR J1016-5857
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Gamma-ray binaries  discovery

MAGICHESS

VERITAS

2004 2005 2006

LS I+61 303 HESS J0632+057PSR B1259-63 LS 5039

HESS J0632+057

Motch et al. 1997Johnston et al. 1992 Hermsen et al. 1977 Abdo et al. 2012Aharonian et al. 2008

1FGL J1018.6-5856

HESS HESS

MAGIC

VERITAS

HESS

20122008
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Gamma-ray binaries  optical
2004 2005 2006

LS I+61 303 HESS J0632+057PSR B1259-63 LS 5039

HESS J0632+057

1FGL J1018.6-5856

20122008

Massive star (O,Be) in eccentric orbit around compact object (pulsar ?)

0.4 AU
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Gamma-ray binaries  TeV
2004 2005 2006

LS I+61 303 HESS J0632+057PSR B1259-63 LS 5039

HESS J0632+057

1FGL J1018.6-5856

20122008

modulated 
@ TeV

All have TeV variability tied to orbital period
[Cyg X-1 in 2007]
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The Astrophysical Journal Letters, 736:L11 (6pp), 2011 July 20 Abdo et al.

HESS 2004
(> 1 TeV)

HESS 2007
(> 1 TeV)

Fermi 2010
(> 100 MeV)

1997
2010

Figure 4. Light curves of PSR B1259−63 around periastron. (a) HESS 2004
and 2007 periastron passages (Aharonian et al. 2005). (b) Fermi-LAT 2010
periastron passage. (c) X-ray fluxes from three periastron passages in units
of 10−11 erg cm−2 s−1 (Chernyakova et al. 2009). (d) Radio (2.4 GHz)
flux densities measured at ATCA for the 2010 and 1997 periastron passages
(Johnston et al. 1999).

2009; Kawachi et al. 2004; Tavani et al. 1996; Chernyakova
et al. 2006, 2009) revealed a characteristic variability of this
emission during the periods of periastron passage. Detection
of the 0.1–10 GeV band γ -ray emission around periastron was
not unexpected. However, Fermi observations reveal puzzling
behavior of the source, which was not predicted in any model
of γ -ray emission from this system. An unexpected strong flare
visible only in the GeV band was observed some 30 days after
the periastron passage and after the neutron star passage of the
dense equatorial wind of the massive star.

During this flare the source was characterized by an ex-
tremely high efficiency of conversion of pulsar spin-down
power into γ -rays. The highest day-average flux was F100 ∼
3.5 × 10−6 cm−2 s−1 with a spectral index of Γ ∼ 3.0.
This corresponds to an isotropic γ -ray luminosity of ≃8 ×
1035(D/2.3 kpc)2 erg s−1, nearly equaling the estimated total
pulsar spin-down luminosity LSD ≃ 8.3×1035 erg s−1 (Johnston
et al. 1992). This is illustrated in Figure 5 where the horizontal
red line shows the flux which would be produced when 100% of
the spin-down power is converted into radiation emitted within
one decade of energy, not taking into account possible beaming
effects.

Broadband spectra of emission around periastron are shown
in Figure 5. Strong increases in GeV flux and changes in γ -ray
spectrum during the flare were not accompanied by noticeable
spectral variations in the X-ray band.

Several possible mechanisms of production of 0.1–10 GeV
γ -ray emission from the system were previously discussed:

Figure 5. Spectral energy distribution of PSR B1259−63 around periastron.
Blue and cyan points represent the measurements of the spectra in the pre- and
post-periastron periods (labeled 1 and 2, respectively) by the LAT, Swift-XRT
in X-rays and ATCA in radio. Thin solid, dotted, and dashed lines show syn-
chrotron, inverse Compton, and bremsstrahlung components correspondingly.
Green points show HESS measurements from 2004 (Aharonian et al. 2005).
Light gray curves show the models of pre-periastron emission, dark gray curves
show the models of the flare. The horizontal red mark shows the flux which
would be produced if 100% of the pulsar spin-down power were converted into
electromagnetic radiation. In the upper panel, the high-energy particles are as-
sumed to escape from the system with the speed of the stellar wind, while in the
lower panel, high-energy particles are assumed to escape with the speed c/3, as
in the model of Tavani & Arons (1997), see the text for details. LAT data points
will be made available through https://www-glast.stanford.edu/cgi-bin/pubpub.

synchrotron, inverse Compton (IC), bremsstrahlung, or pion
decay emission (Tavani & Arons 1997; Kawachi et al. 2004;
Chernyakova et al. 2006; Khangulyan et al. 2007). Electrons
with energies Ee ∼ 100 TeV produce synchrotron emission
in the energy range Eγ ∼ 109[B/1 G][Ee/1014 eV]2 eV.
Alternatively, electrons with energies Ee ∼ 1–10 GeV could
produce γ quanta with energies Eγ ≃ 108[Ee/1 GeV]2 eV via
IC scattering of Be star photons. Bremsstrahlung emission in
the GeV band could be produced by the GeV electrons. Finally,
the dense equatorial stellar wind could provide a sufficiently
dense target for proton–proton interactions followed by decays
of neutral pions into photons.

Figure 5 shows example model fits to the persistent emission
data. The model shown in the upper panel assumes that high-
energy particles escape with the speed of the stellar wind, as in
the model of Chernyakova & Illarionov (1999) and Chernyakova
et al. (2006). Slow escape of the high-energy particles leaves
enough time for the efficient cooling of electrons via IC and/or
bremsstrahlung/Coulomb loss mechanisms. In the lower panel,
high-energy particles are assumed to escape with the speed
1010 cm s−1, as in the model of Tavani & Arons (1997). In
this case only synchrotron cooling is efficient. The code used
for the calculations is described in Zdziarski et al. (2010).

In general, the flare could be explained either by anisotropy of
the γ -ray emission or by an abrupt change of physical conditions

5

Gamma-ray binaries  GeV
2004 2005 2006

LS I+61 303 HESS J0632+057PSR B1259-63 LS 5039

HESS J0632+057

1FGL J1018.6-5856

20122008

not
detected

GeV variability tied to orbital period
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Gamma-ray binaries  X-ray
2004 2005 2006

LS I+61 303 HESS J0632+057PSR B1259-63 LS 5039

HESS J0632+057

1FGL J1018.6-5856

20122008

X-ray variability tied to orbital period    (       MeV also: LS 5039)

The Astrophysical Journal Letters, 736:L11 (6pp), 2011 July 20 Abdo et al.

HESS 2004
(> 1 TeV)

HESS 2007
(> 1 TeV)

Fermi 2010
(> 100 MeV)

1997
2010

Figure 4. Light curves of PSR B1259−63 around periastron. (a) HESS 2004
and 2007 periastron passages (Aharonian et al. 2005). (b) Fermi-LAT 2010
periastron passage. (c) X-ray fluxes from three periastron passages in units
of 10−11 erg cm−2 s−1 (Chernyakova et al. 2009). (d) Radio (2.4 GHz)
flux densities measured at ATCA for the 2010 and 1997 periastron passages
(Johnston et al. 1999).

2009; Kawachi et al. 2004; Tavani et al. 1996; Chernyakova
et al. 2006, 2009) revealed a characteristic variability of this
emission during the periods of periastron passage. Detection
of the 0.1–10 GeV band γ -ray emission around periastron was
not unexpected. However, Fermi observations reveal puzzling
behavior of the source, which was not predicted in any model
of γ -ray emission from this system. An unexpected strong flare
visible only in the GeV band was observed some 30 days after
the periastron passage and after the neutron star passage of the
dense equatorial wind of the massive star.

During this flare the source was characterized by an ex-
tremely high efficiency of conversion of pulsar spin-down
power into γ -rays. The highest day-average flux was F100 ∼
3.5 × 10−6 cm−2 s−1 with a spectral index of Γ ∼ 3.0.
This corresponds to an isotropic γ -ray luminosity of ≃8 ×
1035(D/2.3 kpc)2 erg s−1, nearly equaling the estimated total
pulsar spin-down luminosity LSD ≃ 8.3×1035 erg s−1 (Johnston
et al. 1992). This is illustrated in Figure 5 where the horizontal
red line shows the flux which would be produced when 100% of
the spin-down power is converted into radiation emitted within
one decade of energy, not taking into account possible beaming
effects.

Broadband spectra of emission around periastron are shown
in Figure 5. Strong increases in GeV flux and changes in γ -ray
spectrum during the flare were not accompanied by noticeable
spectral variations in the X-ray band.

Several possible mechanisms of production of 0.1–10 GeV
γ -ray emission from the system were previously discussed:

Figure 5. Spectral energy distribution of PSR B1259−63 around periastron.
Blue and cyan points represent the measurements of the spectra in the pre- and
post-periastron periods (labeled 1 and 2, respectively) by the LAT, Swift-XRT
in X-rays and ATCA in radio. Thin solid, dotted, and dashed lines show syn-
chrotron, inverse Compton, and bremsstrahlung components correspondingly.
Green points show HESS measurements from 2004 (Aharonian et al. 2005).
Light gray curves show the models of pre-periastron emission, dark gray curves
show the models of the flare. The horizontal red mark shows the flux which
would be produced if 100% of the pulsar spin-down power were converted into
electromagnetic radiation. In the upper panel, the high-energy particles are as-
sumed to escape from the system with the speed of the stellar wind, while in the
lower panel, high-energy particles are assumed to escape with the speed c/3, as
in the model of Tavani & Arons (1997), see the text for details. LAT data points
will be made available through https://www-glast.stanford.edu/cgi-bin/pubpub.

synchrotron, inverse Compton (IC), bremsstrahlung, or pion
decay emission (Tavani & Arons 1997; Kawachi et al. 2004;
Chernyakova et al. 2006; Khangulyan et al. 2007). Electrons
with energies Ee ∼ 100 TeV produce synchrotron emission
in the energy range Eγ ∼ 109[B/1 G][Ee/1014 eV]2 eV.
Alternatively, electrons with energies Ee ∼ 1–10 GeV could
produce γ quanta with energies Eγ ≃ 108[Ee/1 GeV]2 eV via
IC scattering of Be star photons. Bremsstrahlung emission in
the GeV band could be produced by the GeV electrons. Finally,
the dense equatorial stellar wind could provide a sufficiently
dense target for proton–proton interactions followed by decays
of neutral pions into photons.

Figure 5 shows example model fits to the persistent emission
data. The model shown in the upper panel assumes that high-
energy particles escape with the speed of the stellar wind, as in
the model of Chernyakova & Illarionov (1999) and Chernyakova
et al. (2006). Slow escape of the high-energy particles leaves
enough time for the efficient cooling of electrons via IC and/or
bremsstrahlung/Coulomb loss mechanisms. In the lower panel,
high-energy particles are assumed to escape with the speed
1010 cm s−1, as in the model of Tavani & Arons (1997). In
this case only synchrotron cooling is efficient. The code used
for the calculations is described in Zdziarski et al. (2010).

In general, the flare could be explained either by anisotropy of
the γ -ray emission or by an abrupt change of physical conditions

5

Collmar et al. 2014
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HESS 2004
(> 1 TeV)

HESS 2007
(> 1 TeV)

Fermi 2010
(> 100 MeV)

1997
2010

Figure 4. Light curves of PSR B1259−63 around periastron. (a) HESS 2004
and 2007 periastron passages (Aharonian et al. 2005). (b) Fermi-LAT 2010
periastron passage. (c) X-ray fluxes from three periastron passages in units
of 10−11 erg cm−2 s−1 (Chernyakova et al. 2009). (d) Radio (2.4 GHz)
flux densities measured at ATCA for the 2010 and 1997 periastron passages
(Johnston et al. 1999).

2009; Kawachi et al. 2004; Tavani et al. 1996; Chernyakova
et al. 2006, 2009) revealed a characteristic variability of this
emission during the periods of periastron passage. Detection
of the 0.1–10 GeV band γ -ray emission around periastron was
not unexpected. However, Fermi observations reveal puzzling
behavior of the source, which was not predicted in any model
of γ -ray emission from this system. An unexpected strong flare
visible only in the GeV band was observed some 30 days after
the periastron passage and after the neutron star passage of the
dense equatorial wind of the massive star.

During this flare the source was characterized by an ex-
tremely high efficiency of conversion of pulsar spin-down
power into γ -rays. The highest day-average flux was F100 ∼
3.5 × 10−6 cm−2 s−1 with a spectral index of Γ ∼ 3.0.
This corresponds to an isotropic γ -ray luminosity of ≃8 ×
1035(D/2.3 kpc)2 erg s−1, nearly equaling the estimated total
pulsar spin-down luminosity LSD ≃ 8.3×1035 erg s−1 (Johnston
et al. 1992). This is illustrated in Figure 5 where the horizontal
red line shows the flux which would be produced when 100% of
the spin-down power is converted into radiation emitted within
one decade of energy, not taking into account possible beaming
effects.

Broadband spectra of emission around periastron are shown
in Figure 5. Strong increases in GeV flux and changes in γ -ray
spectrum during the flare were not accompanied by noticeable
spectral variations in the X-ray band.

Several possible mechanisms of production of 0.1–10 GeV
γ -ray emission from the system were previously discussed:

Figure 5. Spectral energy distribution of PSR B1259−63 around periastron.
Blue and cyan points represent the measurements of the spectra in the pre- and
post-periastron periods (labeled 1 and 2, respectively) by the LAT, Swift-XRT
in X-rays and ATCA in radio. Thin solid, dotted, and dashed lines show syn-
chrotron, inverse Compton, and bremsstrahlung components correspondingly.
Green points show HESS measurements from 2004 (Aharonian et al. 2005).
Light gray curves show the models of pre-periastron emission, dark gray curves
show the models of the flare. The horizontal red mark shows the flux which
would be produced if 100% of the pulsar spin-down power were converted into
electromagnetic radiation. In the upper panel, the high-energy particles are as-
sumed to escape from the system with the speed of the stellar wind, while in the
lower panel, high-energy particles are assumed to escape with the speed c/3, as
in the model of Tavani & Arons (1997), see the text for details. LAT data points
will be made available through https://www-glast.stanford.edu/cgi-bin/pubpub.

synchrotron, inverse Compton (IC), bremsstrahlung, or pion
decay emission (Tavani & Arons 1997; Kawachi et al. 2004;
Chernyakova et al. 2006; Khangulyan et al. 2007). Electrons
with energies Ee ∼ 100 TeV produce synchrotron emission
in the energy range Eγ ∼ 109[B/1 G][Ee/1014 eV]2 eV.
Alternatively, electrons with energies Ee ∼ 1–10 GeV could
produce γ quanta with energies Eγ ≃ 108[Ee/1 GeV]2 eV via
IC scattering of Be star photons. Bremsstrahlung emission in
the GeV band could be produced by the GeV electrons. Finally,
the dense equatorial stellar wind could provide a sufficiently
dense target for proton–proton interactions followed by decays
of neutral pions into photons.

Figure 5 shows example model fits to the persistent emission
data. The model shown in the upper panel assumes that high-
energy particles escape with the speed of the stellar wind, as in
the model of Chernyakova & Illarionov (1999) and Chernyakova
et al. (2006). Slow escape of the high-energy particles leaves
enough time for the efficient cooling of electrons via IC and/or
bremsstrahlung/Coulomb loss mechanisms. In the lower panel,
high-energy particles are assumed to escape with the speed
1010 cm s−1, as in the model of Tavani & Arons (1997). In
this case only synchrotron cooling is efficient. The code used
for the calculations is described in Zdziarski et al. (2010).

In general, the flare could be explained either by anisotropy of
the γ -ray emission or by an abrupt change of physical conditions

5

Gamma-ray binaries  radio
2004 2005 2006

LS I+61 303 HESS J0632+057PSR B1259-63 LS 5039

HESS J0632+057

1FGL J1018.6-5856

20122008

variable
radio

source

~constant
radio

source

Also radio variability tied to orbital period
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Gamma-ray binaries  modulations

source detected 
source detected + orbital variability

system Porb radio X-ray GeV TeV
PSR B1259-63

LS 5039

LS I +61 303

HESS J0632+057

1FGL J1018.6-5856

psr Be 1237 90% 95% 100% >75%

? O 3.9 <30% 40% 60% 70%

? Be 26.5 90% 70% 40% >70%

? Be 320 <50% 85% >50%

? O 16.6 60% 65% 20%
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Gamma-ray binaries  luminosities

Dubus 2013 A&ARv

LHE~10 LVHE (except HESS J0632)
hard X-ray spectra with LX~LVHE
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HESS 2004
(> 1 TeV)

HESS 2007
(> 1 TeV)

Fermi 2010
(> 100 MeV)

1997
2010

Figure 4. Light curves of PSR B1259−63 around periastron. (a) HESS 2004
and 2007 periastron passages (Aharonian et al. 2005). (b) Fermi-LAT 2010
periastron passage. (c) X-ray fluxes from three periastron passages in units
of 10−11 erg cm−2 s−1 (Chernyakova et al. 2009). (d) Radio (2.4 GHz)
flux densities measured at ATCA for the 2010 and 1997 periastron passages
(Johnston et al. 1999).

2009; Kawachi et al. 2004; Tavani et al. 1996; Chernyakova
et al. 2006, 2009) revealed a characteristic variability of this
emission during the periods of periastron passage. Detection
of the 0.1–10 GeV band γ -ray emission around periastron was
not unexpected. However, Fermi observations reveal puzzling
behavior of the source, which was not predicted in any model
of γ -ray emission from this system. An unexpected strong flare
visible only in the GeV band was observed some 30 days after
the periastron passage and after the neutron star passage of the
dense equatorial wind of the massive star.

During this flare the source was characterized by an ex-
tremely high efficiency of conversion of pulsar spin-down
power into γ -rays. The highest day-average flux was F100 ∼
3.5 × 10−6 cm−2 s−1 with a spectral index of Γ ∼ 3.0.
This corresponds to an isotropic γ -ray luminosity of ≃8 ×
1035(D/2.3 kpc)2 erg s−1, nearly equaling the estimated total
pulsar spin-down luminosity LSD ≃ 8.3×1035 erg s−1 (Johnston
et al. 1992). This is illustrated in Figure 5 where the horizontal
red line shows the flux which would be produced when 100% of
the spin-down power is converted into radiation emitted within
one decade of energy, not taking into account possible beaming
effects.

Broadband spectra of emission around periastron are shown
in Figure 5. Strong increases in GeV flux and changes in γ -ray
spectrum during the flare were not accompanied by noticeable
spectral variations in the X-ray band.

Several possible mechanisms of production of 0.1–10 GeV
γ -ray emission from the system were previously discussed:

Figure 5. Spectral energy distribution of PSR B1259−63 around periastron.
Blue and cyan points represent the measurements of the spectra in the pre- and
post-periastron periods (labeled 1 and 2, respectively) by the LAT, Swift-XRT
in X-rays and ATCA in radio. Thin solid, dotted, and dashed lines show syn-
chrotron, inverse Compton, and bremsstrahlung components correspondingly.
Green points show HESS measurements from 2004 (Aharonian et al. 2005).
Light gray curves show the models of pre-periastron emission, dark gray curves
show the models of the flare. The horizontal red mark shows the flux which
would be produced if 100% of the pulsar spin-down power were converted into
electromagnetic radiation. In the upper panel, the high-energy particles are as-
sumed to escape from the system with the speed of the stellar wind, while in the
lower panel, high-energy particles are assumed to escape with the speed c/3, as
in the model of Tavani & Arons (1997), see the text for details. LAT data points
will be made available through https://www-glast.stanford.edu/cgi-bin/pubpub.

synchrotron, inverse Compton (IC), bremsstrahlung, or pion
decay emission (Tavani & Arons 1997; Kawachi et al. 2004;
Chernyakova et al. 2006; Khangulyan et al. 2007). Electrons
with energies Ee ∼ 100 TeV produce synchrotron emission
in the energy range Eγ ∼ 109[B/1 G][Ee/1014 eV]2 eV.
Alternatively, electrons with energies Ee ∼ 1–10 GeV could
produce γ quanta with energies Eγ ≃ 108[Ee/1 GeV]2 eV via
IC scattering of Be star photons. Bremsstrahlung emission in
the GeV band could be produced by the GeV electrons. Finally,
the dense equatorial stellar wind could provide a sufficiently
dense target for proton–proton interactions followed by decays
of neutral pions into photons.

Figure 5 shows example model fits to the persistent emission
data. The model shown in the upper panel assumes that high-
energy particles escape with the speed of the stellar wind, as in
the model of Chernyakova & Illarionov (1999) and Chernyakova
et al. (2006). Slow escape of the high-energy particles leaves
enough time for the efficient cooling of electrons via IC and/or
bremsstrahlung/Coulomb loss mechanisms. In the lower panel,
high-energy particles are assumed to escape with the speed
1010 cm s−1, as in the model of Tavani & Arons (1997). In
this case only synchrotron cooling is efficient. The code used
for the calculations is described in Zdziarski et al. (2010).

In general, the flare could be explained either by anisotropy of
the γ -ray emission or by an abrupt change of physical conditions

5

320 J. L. Skilton et al.

Figure 3. The radio flux density of MWC 148 as a function of time (note that JD 245 4620 is the 2008 June 2). The black star-shaped points denote observations
taken with the VLA and the red circular points are from the GMRT. The dotted lines represent the weighted mean flux at each frequency. Flux density upper
limits (at 99.8 per cent confidence level) from the VLA A-configuration observations are plotted in blue.

Figure 4. SED of HESS J0632+057 adapted from Hinton et al. (2009), with new data shown in red. The GMRT measurements have been plotted slightly
offset from their observing frequency for clarity. The data are compared to a one-zone model of non-thermal emission from electrons cooling in the radiation
and magnetic fields within a few astronomical unit of MWC 148. The three model curves show an injection electron spectral index 2.0 (solid lines) and 1.9
(dashed lines), and an index of 2.0 but with a low-energy cut-off at 2 GeV rather than 1 GeV (dotted line). See Hinton et al. (2009) for more details. An upper
limit for GeV emission from HESS J0632+057 based on three months of Fermi observations (Abdo et al. 2009) and the 1 yr Fermi sensitivity curve are shown.
An approximate energy flux limit from VERITAS is also shown (Acciari et al. 2009), highlighting the variable nature of the TeV emission.

The new radio source lies less than ∼1 arcsec from the centroid of
the X-ray emission (Hinton et al. 2009), and within the 1σ error box
of HESS J0632+057 (see Fig. 2). Thus we confidently identify this
emission as the radio counterpart to MWC 148. It seems very likely
that all these objects are associated and therefore we can create an
SED as shown in Fig. 4. The recent publication of the Fermi Bright
Source List (Abdo et al. 2009) allows us to place constraints on the
GeV emission from HESS J0632+057. As no source was detected
(above 10σ in the first three months of operation) at the position
of HESS J0632+057, the EGRET source 3EG J0634+0521 can be
ruled out as a potential counterpart. Limits for the GeV emission
after three months, and 1 yr of Fermi data have been added to the
SED.

The detection of TeV emission implies particle acceleration is
taking place in the source. The most natural explanation for the
observed radio emission is then optically thin synchrotron emission

from accelerated electrons. Synchrotron radiation with a spectral in-
dex ∼0.5 implies an underlying electron spectrum with dN/dE ∝
E2. This can be interpreted as the injection spectrum. Inverse-
Compton (IC) cooling in the Thomson regime is hard to avoid for
these electrons. If the observed spectrum is cooled, then this implies
a very hard injection spectrum. This scenario was the one presented
in Hinton et al. (2009), in which there is a low-energy cut-off in the
injection spectrum, resulting in an effectively mono-energetic in-
jection for electrons below this cut-off energy. Synchrotron cooling
of such an injection will produce a time averaged electron spectral
index of 2 and an emission spectrum with α = 0.5. The simple
one-zone model presented in Hinton et al. (2009) and adjusted to
fit the X-ray and TeV data, results in a radio spectrum remark-
ably similar to that observed. A better fit to the radio data can be
achieved by adjusting the low-energy cut-off or a change in injec-
tion index from 2.0 to 1.9 (see Fig. 4). Assuming a one-zone model

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 399, 317–322

Gamma-ray binaries  SED
2004 2005 2006

LS I+61 303 HESS J0632+057PSR B1259-63 LS 5039

HESS J0632+057

1FGL J1018.6-5856

20122008

similar spectral energy distributions peaking > 1 MeV
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Gamma-ray binaries  definition
some confusion in the litterature

massive star +
emission peaking > 1 MeV

massive
★

5 known systems incl. one with pulsar → a common scenario  ?
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PSR B1259-63
48 ms radio pulsar, spinning down on timescale
⇒ spindown power

Spindown power carried by relativistic wind beyond light cylinder

Ė = I⌦⌦̇ ⇡ 8⇥ 1035 erg s�1

Ė ⇡ B2
nsR

6
ns⌦

4

c3
�
1 + sin2 �

�
) Bns ⇡ 3⇥ 1011 G

⌧ ⇡ 3⇥ 105 yr
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Pulsar Wind Nebula (PWN)

0.1 pc

Pulsar wind termination shock p
pw

=
Ė

4⇡R2

s

c
= p

ext

pulsar

Crab PWN in X-rays
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Pulsar wind termination shock ppw =
Ė

4⇡R2
s c

= pw =
Ṁvw

4⇡(d�Rs)2

Pulsar wind in a binary

shocked 
pulsar wind

pulsar wind

shocked 
stellar wind

pulsar

stellar wind

0.1 AU

adapted from 
Lamberts et al. 2013
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Pulsar wind in a binary

shocked 
pulsar wind

pulsar wind

shocked 
stellar wind

pulsar

stellar wind

0.1 AU

adapted from 
Lamberts et al. 2013

⌘ =
Ė/c

Ṁvw
Structure set by

Bogovalov et al. 2008
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Pulsar wind in a binary

shocked 
pulsar wind

pulsar wind

shocked 
stellar wind

pulsar

stellar wind

0.1 AU

Termination shock is much closer to pulsar: from 109 to 104 RLC

adapted from 
Lamberts et al. 2013
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PSR B1259-63
non-thermal emission at shock, powered by pulsar spindown
~1% of power emitted in VHE, as in pulsar wind nebulae

Tavani & Arons 1997
Kirk et al. 1999

• Gamma-ray binaries: young pulsar + massive star like PSR B1259-63 ?
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Controversy           microquasars or pulsars ?

Mirabel 2006

resolved radio emission on milliarcsec scale suggested microquasar jets
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Compact radio jets ?     (microquasars)

Massi et al. 2004Paredes et al. 2000

LS 5039 LS I +61o303
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Gamma-ray binaries  cometary nebula

G
D

 2
00

6

further away in comet tail

close to pulsar

isolated pulsar (the Mouse)G
ae

ns
le

r 
et

 a
l. 

20
04

Chandra
VLA
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Pulsars, not microquasars
Dhawan et al. 2006
VLBI observations of LS I+61 303
mas scales (AU scales)

also LS 5039, HESS J0632, PSR B1259-63 (work by Moldón et al. 2011-3)
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Where is the pulsar ?
• radio pulses strongly absorbed by stellar wind

• detecting X-ray, γ-ray pulsations extremely difficult

• 2 magnetar bursts seen by Swift/BAT < 2’ of LSI +61o303 ⇒ young pulsar ?

⌧↵ ⇡ 14.7 g↵
⇣ ⌫

109 Hz

⌘�2
 

Ṁw

10�7 M� yr�1

!2 ⇣ vw
1000 km s�1

⌘�2
✓

Tw

10 000K

◆�3/2✓ d

1AU

◆�3

Burst lasted 230ms
E=1037 erg Blackbody 

kT=7.5 keV
R=100m

Barthelmy et al. 2008,  Burrows et al. 2012, Torres et al. 2012

pulsed radio emission eclipsed

Connors et al. 2002

Melatos et al. 1995

PSR B1259-63

36Friday, May 30, 14



Where is the pulsar ?
• radio pulses strongly absorbed by stellar wind

• detecting X-ray, γ-ray pulsations extremely difficult

• 2 magnetar bursts seen by Swift/BAT < 2’ of LSI +61o303 ⇒ young pulsar ?

⌧↵ ⇡ 14.7 g↵
⇣ ⌫

109 Hz

⌘�2
 

Ṁw

10�7 M� yr�1

!2 ⇣ vw
1000 km s�1

⌘�2
✓

Tw

10 000K

◆�3/2✓ d

1AU

◆�3

Burst lasted 230ms
E=1037 erg Blackbody 

kT=7.5 keV
R=100m

Barthelmy et al. 2008,  Burrows et al. 2012, Torres et al. 2012
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Indirect evidence for pulsar
– only identified compact object in a gamma-ray binary is a pulsar (*)
– magnetar bursts detected from LS I+61 303
– similarities in timing/spectra
– periodic morphological changes in radio
– X-ray/GeV/TeV properties consistent with those of PWN
– lack of accretion signatures (spectral changes, outbursts...)
– expected progenitors of high-mass X-ray binaries & double NS

coherent interpretation

(*) + three other known pulsars with massive companion but far & low power so no gamma rays
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Ė ⇡ 4⇥ 1033
 

Ṁw

10�7 M� yr�1

!✓
1000 km s�1

vw

◆3✓
0.1AU

d

◆2

erg s�1

Evolution
• Accretion held off if ppw>pacc at Bondi-Hoyle radius

Lγ>1034 erg/s so ok

• Pulsar spins down 
→ accretion eventually starts → HMXB

• birthrate ~ 10-3 yr-1 x 105 yr lifetime ~ 100 gamma-ray binaries in Galaxy ?

Lorimer 2008
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Low-mass gamma-ray binaries
• old pulsar spun-up by accretion in LMXB (recycled ms pulsar)
• pulsar pressure increases, ends up quenching accretion
• ~30 GeV pulsars in binaries
• modulated γ-ray emission in black widow pulsar (Wu et al. 2012)

>2.7 GeV lightcurve

radio eclipse

wind emission ?

“black widow” PSR B1957+20
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Low-mass gamma-ray binaries

Hill et al. 2011

Tam et al. 2010

 PSR J1023+0038
 1.6-ms radio pulsar
 accretion disk disappears when radio pulsar on

 XSS J12270-4859
 unidentified compact object
 faint radio source

0.2d orbit, 0.2 M� star 
hard X-ray spectrum
optical, X-ray variability
pos. Fermi counterpart few 1033 erg/s

both
have
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Low-mass gamma-ray binaries

Hill et al. 2011

Tam et al. 2010

 PSR J1023+0038
 1.6-ms radio pulsar
 radio pulsar disappears as accretion back on    

 XSS J12270-4859
 unidentified compact object  1.6 ms pulsar
switched to non-accreting state dec. 2012

0.2d orbit, 0.2 M� star 
hard X-ray spectrum
optical, X-ray variability
GeV brighter when accretion on

both
have

Takata et al. 2014, Bassa et al. 2014...
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) E
max

⇡ 60 ⇠�1/2B�1/2 TeV

Efficient particle acceleration

VHE photons > 20 TeV imply efficient acceleration (reconnection?)

diffusive shock acceleration timescale

⌧ac � ⇠
RL

c
⇡ 0.1 ⇠

✓
E

1TeV

◆✓
1G

B

◆
s

⌧sync ⇡ 400

✓
1TeV

E

◆✓
1G

B

◆2

s

Khangulyan et al. 2008

must be < synchrotron loss timescale

maximum energy

sy
nc

hr
ot

ro
n

compton

⇠ = 10Hillas (R
L<d)
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⇥ic = 20 �6d
2
0.1/[ln �6 + 1.3](T�,4R�,10) seconds

⇥sync = 770 ��1
6 B�2

1 seconds

�IC = 4 (T⇥,4R⇥,10/d0.1)B�1
1 TeV

�sync = 750 (T�,4R�,10/d0.1)2 keV

inverse Compton cooling on star photons

synchrotron cooling

Assume steady injection of pairs with escape timescale ≫ radiative timescale

Basics of spectrum formation

maximum
energy
tacc=tsync

Synchrotron
losses 
dominate

IC losses
In KN 
regime
dominate

IC 
Thomson
losses
dominate

⇒ break frequencies

Massive star sets everything ⇒ B≃1G          caveat: adiabatic cooling

M
od

er
sk

i e
t a

l. 2
00

5, 
 G

D 
et

 al
. 2

00
7

Break frequency
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Apastron: diffuse polar wind, large shock distance, low B = VHE
Periastron: dense equatorial wind, small shock distance, high B = no VHE

MAGIC

periastron
apastron

GD 2006

Rs = 4 ⋅1012cm   B = 0.6 G
Rs = 5 ⋅1010cm   B = 4.5 G

LS I+61o303, 1036 erg/s, γw=105, σ=0.02

Intrinsic variations in Rs, σ, τad...

Be star
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U? =
�SBT 4

?

c

✓
R?

d

◆2

Geometrical γ-ray modulations
• inverse Compton on star photons

orbit seen face on

ap
as

tro
n

pe
ria

st
ro

n

apastron periastron

pe
ria

st
ro

n

ap
as

tro
n

inverse Compton
(GeV)

depends on photon density                                           so ∝d-2 
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✏min✏? � (511 keV)2
• inverse Compton on star photons  

• pair production on star photons (opacity)

ap
as

tro
n

pe
ria

st
ro

n

apastron periastron

pe
ria

st
ro

n

ap
as

tro
n

inverse Compton
(GeV)

+ pair production above threshold
(TeV)

Geometrical γ-ray modulations

orbit seen face on

also depends on photon density so ∝d-2 
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inverse Compton
(GeV)

su
p 
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nj

to observer →
P? = �T cU?(1� � cos )

⇥
(1� � cos )�2 � 1

⇤

 

?

�

• inverse Compton on star photons: anisotropic
• pair production on star photons (opacity)

Geometrical γ-ray modulations

orbit seen edge on

Thompson regime, electron Lorentz factor γ,  ! angle between incoming and outgoing photon
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✏�✏?(1� cos ) � 2

�
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�2 ) ✏� � 30

✓
10 eV
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GeV

• inverse Compton on star photons: anisotropic
• pair production on star photons (opacity): anisotropic
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Geometrical γ-ray modulations
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• inverse Compton on star photons: anisotropic
• pair production on star photons (opacity): anisotropic

in
f c

on
j

su
p 

co
nj

su
p 

co
nj

in
f c

on
j

in
f c

on
j

inverse Compton
(GeV)

su
p 

co
nj

to observer →

Bednarek ;  Khangulyan & Bosch-Ramon, Sierpowska-Bartosik & Torres, GD Cerutti Henri , Takata & Taam, Yamaguchi & Takahara
→ distinguish intrinsic variability from variability due to observer geometry

Geometrical γ-ray modulations

orbit seen edge on

+ pair production above threshold
(TeV)

 

?

�
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ψ=15°

30°

60°

90°
120°

180°

�(1� � cos )e? � mec
2

Anistropic IC and pair production

star
orbit

99%

90% 50%
10%

1%

Observer ➝

Electron: power-law index -2

Jackson 1972
Bednarek 1997 
Kirk et al. 1999
GD et al. 2008 
Khangulyan et al. 2008

Protheroe & Stanev 1993
Moskalenko 1995
Dermer & Bottcher 2005
GD 2006

point source

finite
star size

Thomson → Klein Nishina
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γ-ray modulation of LS 5039
Cerutti et al. 2010

Led several groups to predict GeV modulation later seen by Fermi
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Complications 

Cerutti et al. 2010

total

pairs

• significant pair cascade emission at superior conjunction

e+ e-

γ

γ
γ

e+

e+e-
e-

γ γ γ
γ

synchrotron emission from pairs in X-rays limit <B>~1 G
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VHE

X-ray

Complications 
• significant pair cascade emission at superior conjunction
• bulk doppler boost in shocked wind modifies lightcurve

GD et al.2010

β=c/3
β=0

alternative: adiabatic timescale (Takahashi et al. 2009)
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Radiative models: summary

• Consensus
– inv. Compton + synchrotron + pair production + cascade
– anisotropic IC, γγ produce modulations without intrinsic variability
– particle acceleration is efficient in these systems

• Differing options
– size & location of emitter
– impact of various processes (cascades, Doppler boosting)
– intrinsic variability (shock location, adiabatic timescale)
– no consensus yet...

Bednarek et al.; Kirk et al; Romero et al., Dermer & Bottcher, Khangulyan & Bosch-Ramon et al.;  Neronov & 
Chernyakova; Dubus, Cerutti, Henri; Sierpowska-Bartosik & Torres; Takata & Taam; Yamaguchi & Takahara...

56Friday, May 30, 14



57Friday, May 30, 14



Gamma-ray emission
two components : pulsar & pulsar wind nebula (PWN) ?

Hadasch+ 2012

PWN-likepulsar-like

GeV spectra like that of the 100+ 
Fermi/LAT pulsars

TeV (X-ray) emission similar to 
pulsar wind nebulae

The puzzling emission of gamma-ray binaries (G. Dubus)
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Puzzle: pulsar-like component
orbital modulation unexpected for pulsar emission within light cylinder

Hadasch+ 2012

PWN-likepulsar-like

Abdo+ 2009

modulation best understood as inv. Compton on stellar light

The puzzling emission of gamma-ray binaries (G. Dubus)
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Puzzle: pulsar-like component
orbital modulation unexpected for pulsar emission within light cylinder

Hadasch+ 2012

PWN-likepulsar-like

- striped wind (Pétri & GD 2011)

- cold wind (à la Khangulyan+ 2012)

- thermalized particles at shock
    (Zabalza+ 2013, GD & Cerutti 2013)

- shocked stellar wind  (Bednarek 2011)

 origin of pulsar-like component

The puzzling emission of gamma-ray binaries (G. Dubus)

a clue to pulsar emission process ?
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Puzzle: GeV flare of PSR B1259-63
Fermi/LAT lightcurve (Abdo et al. 2011) orbit close to periastron

• Fermi/LAT detection at periastron mid-December 2010 (next in 5/2014)
• orbital phasing unexpected for inverse Compton scattering of stellar photons

max expected here

max occurred here
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• high Lγ → nearly all spindown power radiated away at peak
• GeV-only flare

Fermi/LAT lightcurve (Abdo et al. 2011)

Puzzle: GeV flare of PSR B1259-63
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Puzzle: GeV flare of PSR B1259-63
Extremely efficient radiation with Lγ ~ spindown power ! 

orbit close to periastron

dorb ~ 4 au

If inverse Compton, need very high 
radiation density to allow electrons 
to cool on a scale ~ dorb 
- Be disc photons ? (Khangulyan+ 2012)

- SSC on PWN emission ? (GD & Cerutti 2013)

- Doppler boosting  (Kong+ 2012)

- conversion to EM wave (Mochol  & Kirk 2013)

- Crab-like reconnection unrelated to orbit ?

Alternatives to IC

periastron : May 2014

63Friday, May 30, 14



The puzzling γ-ray binaries
• Gamma-ray binaries powered by pulsar spindown, energy dissipated in 

shock with stellar wind → new probes of pulsar physics

• Puzzle: the GeV spectral component
Is the similarity with emission from other pulsars telling us something 
about pulsar physics or ... a red herring ?

• Puzzle: the gamma-ray flare of PSR B1259-63
Is it due to complex inverse Compton geometry (need simulations of 
interaction region) or is it evidence for alternate emission mechanisms ?
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Cygnus X-3

Credit: W. Feimer/NASA/GSFC

only confirmed γ-ray microquasar  (good evidence also for Cyg X-1)

4.8hr orbital modulation (X, γ)

Wolf-Rayet + black hole (?)

Tavani et al. 2009 (AGILE) Abdo et al. 2009 (Fermi)
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γ-ray & X-ray modulation

inferior conjunction
γ-ray min  X-ray max 

Ab
do

+ 
(F

er
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i/L
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 20
09

γ

X

superior conjunction
γ-ray max  X-ray min 

inverse Compton on ★ photons 
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inverse Compton on ★ photons ⇒ γ-ray emission zone far out

γ-ray & X-ray modulation
 G

D+
 20

10

γ-ray emission zone
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different origin for hard X-rays and γ-rays
• accretion disk corona excluded (γγ + modulations)
• injection energy γinj≈1000
• magnetic field B<100 G
• Ljet≈1038 erg/s

γ-ray & X-ray modulation

Cerutti et al. 2011, Zdziarski et al. 2012a, b

γ-rays <10% X-rays
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Cygnus X-3 flares

Swift/BAT 15-50 keV

AGILE

Fermi
Abdo et al. 2009

AGILE

AGILE & Fermi/LAT detections Tavani et al. 2009, Abdo et al. 2009, Williams et al. 2011, + ATels
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Cygnus X-3 flares

Swift/BAT 15-50 keV

AGILE

Fermi
Abdo et al. 2009

AGILE

AGILE & Fermi/LAT detections Tavani et al. 2009, Abdo et al. 2009, Williams et al. 2011, + ATels
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γ-ray & X-ray emission are linked
Co

rb
el 

et
 al

. 2
01

2

Accretion

Ejection

no
n-

th
er

m
al 

/ t
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• How are γ-rays, X-rays and 
radio connected ?

• How unique is Cyg X-3 ?

• Are γ-rays produced at a recollimation shock ?

• How is its formation related to the conditions in the corona, radio jet?

A window into accretion-ejection
γ-ray emission zone

X-rays

ra
dio

Perucho et al. 2010
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A nova in gamma rays:
V407 Cyg
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A surprising transient
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• symbiotic system: red giant wind & radiation
• thermonuclear runaway WD ejects 10-6 M⦿ at ~ 3000 km/s

Gamma-rays from V407 Cyg

Walder, Folini & Shore 2008Abdo et al. (Fermi) 2010
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Gamma-rays from V407 Cyg

Walder, Folini & Shore 2008Abdo et al. (Fermi) 2010

• Mini-supernova, 1044 erg, developping in “real time” 
• γ-rays: π0 & IC on e-, thermal X-rays from shocked material

Tatischeff & Hernanz 2007
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SNR evolution in ‘real’ time
max electron energy IC emission

time & location-dependent γ-ray, X-ray, radio emission depends on
– ejecta parameters (~10-6 M⊙ at 3000 km/s)
– system parameters (stellar wind, radiation, separation, circumstellar material)
– acceleration parameters (test particle, diffusion eff., B field, e-/p inj. fraction)

Martin & GD 2013

γ-ray Razzaque+ 2010, Sitarek+Bednarek 2012 X-ray Nelson+, Orlando+ 2012 radio Chomiuk+ 2013
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SNR evolution in ‘real’ time

M
ar
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n
 &
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D

 2
0
1
3

Inverse Compton model
– nova light dominates
– need density enhancement
– 10% energy in acc. particles
– e~0.03%, p~0.5%
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SNR evolution in ‘real’ time

M
ar
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n
 &

 G
D

 2
0
1
3

Inverse Compton model
– nova light dominates
– need density enhancement
– 10% energy in acc. particles
– e~0.03%, p~0.5%

π0 model
– helps with low γ points
– X-ray thermal important
– 100% energy in acc. particles
– acceleration: non-linear regime !
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New novae

Courtesy: Teddy Cheung, Pierre Jean for the Fermi/LAT collaboration

V407 Cyg

Nova Sco

Nova Mon

Preliminary
Cheung 2013 Hill 2013      + Nova Del 2013
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New novae

Courtesy: Teddy Cheung, Pierre Jean for the Fermi/LAT collaboration

V407 Cyg

Nova Sco

Nova Mon

Preliminary
Cheung 2013 Hill 2013      + Nova Del 2013

• Problem: not symbiotics so no dense stellar wind, small system
– Nova Mon 2012: KV star, Porb=7.1 hour
– Nova Sco 2012: - 

• What’s accelerated and where ?! need to revisit nova physics ?

Shore et al. 2013ab
all fast novae ?
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• η Carinae, ~100 M⦿ star + comp., 5.5 yr orbit
• kinetic power of stellar winds Lkin ~6 x 1037 erg/s
• variable γ-ray emission (~0.1% Lkin)
•

Eta Carina and CWB

Abdo et al. 2010

Walter & Farnier 2011, Reitberger et al. 2012

0.2-10 GeV

10-300 GeV

Reitberger et al. 2012

Werner et al. 2013

• No γ-rays from other colliding wind binaries: why ?

HESS-2 obs. planned for periastron passage this year
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Binaries > 100 MeV
accreting compact binarygamma-ray binary nova colliding wind binary recycled pulsars in binaries

Rich variety of binaries observed
• a new field with a history...
• γ-rays reveal a new class: gamma-ray binaries
• twists to radiative processes in context of binaries → modulations
• binary-fixed radiation field & geometry constrain physics
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Use γ rays from binaries to build a consistent picture across objects & scales of
•  accretion - ejection
•  relativistic, magnetized outflows
•  particle acceleration

active galactic nuclei γ-ray bursts supernova remnants pulsars & their nebula

Binaries > 100 MeV
accreting compact binarygamma-ray binary nova colliding wind binary recycled pulsars in binaries
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