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Figure 2. Compilation of broadband spectral energy distributions of 3C279,
including the day of the MAGIC VHE detection, 2006 February 23. Data for
P1 and P2 are from Hartman et al. (2001a), 2003 data are from Collmar et al.
(2004), and 2006 data are from Collmar et al. (2007) and Böttcher et al. (2007).
(A color version of this figure is available in the online journal.)

in the following section. We will therefore restrict our more
detailed discussion to the VHE spectrum corrected by the low
EBL model. The optical spectrum, while clearly in an elevated
state, shows about the same, steep spectral index αopt ∼ 1.7
as during lower optical flux states, indicating an underlying
nonthermal electron spectral index of p = 4.4.

The slopes of the radio and optical spectra indicate that the
synchrotron peak was in the usual range where it has been
observed in many previous observing campaigns, i.e., in the
infrared regime, around νsy ∼ 5 × 1013 Hz, corresponding to a
dimensionless photon energy ϵsy ≡ hνsy/(mec

2) ∼ 4 × 10−7.
This is consistent with the location of the synchrotron peak in a
compilation of simultaneous multiwavelength data in mid-2006,
shown by Marscher (2008), which included infrared coverage
by the Spitzer Space Telescope. For the purpose of a quantitative
analysis, the synchrotron peak flux may be estimated to be of
the order of νF

sy
ν ∼ 1013 Jy Hz. Equally, the X-ray spectrum

shows a quite typical shape as observed in previous high states
of 3C 279, in particular the P1 SED shown in Figures 2 and 4.
This suggests that the X-ray–GeV γ -ray spectrum is similar to
previously observed high states during the EGRET era.

If a one-zone leptonic jet model (as discussed in the following
section) applies, the VHE spectrum is expected to be at least
as steep as the optical (synchrotron) flux. The spectral indices
are expected to be similar if the γ -ray emission is produced
by Compton scattering in the Thomson regime. If Klein–
Nishina effects are important in the production of VHE γ -rays,
the resulting VHE spectrum would be even steeper than the
synchrotron spectrum. As already indicated above, this would
be in direct conflict with the observed relatively hard intrinsic
VHE spectrum, even when corrected with a low EBL model.
Therefore, in order not to predict a GeV γ -ray flux greatly in
excess of any archival EGRET flux, it is reasonable to assume a
γ -ray peak at νγ ∼ 1024–1025 Hz, corresponding to ϵγ ∼ 105.
The γ -ray peak flux is then νF

γ
ν ∼ 5 × 1013 Jy Hz. Previous

modeling works of the SEDs of 3C 279 placed the peak of
the high-energy component typically at frequencies around
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Figure 3. Opacity for VHE γ -ray photons due to γ γ absorption on the BLR
radiation field. The labels denote the location of the γ -ray emitting region. Other
parameters: LD = 2 × 1045 erg s−1, ΘD = 10−5, τBLR = 0.1. Heavy (black)
curves refer to the value of RBLR,in = 0.03 pc as inferred by Pian et al. (2005)
with the outer edge of the BLR, RBLR,out = 0.031 pc; light (blue) curves refer
to RBLR,in = 5.7 pc as inferred from Equation (8) and RBLR,out = 5.8 pc. The
photon energy E is in the stationary AGN rest frame.
(A color version of this figure is available in the online journal.)
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Figure 4. Spectral fits to the SED of 3C279 on 2006 February 23: (solid (red))
using a leptonic external-Compton model with parameters similar to those
derived in Section 3.2; (short-dashed (red)) leptonic SSC model fit only to
the X-ray–γ -ray spectrum. Relevant parameters: γ1 = 104, γ2 = 106, q = 2.3,
Lj,e = 2.2 × 1047 erg s−1, ηesc = 80, RB = 6 × 1015 cm, Γ = D = 20,
B = 0.2 G; (dot-dashed (maroon)) fit with the hadronic synchrotron-proton
blazar model with internal (synchyrotron) photons only as targets for pγ pion
production, and (long-dashed (maroon)) with synchrotron + external (BLR)
photons as targets for pγ pion production. See Table 1 for parameters.
(A color version of this figure is available in the online journal.)

νγ ∼ 1023 Hz, i.e., about 1–2 orders of magnitude lower than our
new estimate, taking the MAGIC results into account. It is this
shift of the inferred high-energy peak which will lead to quite
dramatically different model implications for both leptonic and
hadronic models compared to previous modeling efforts.

From the spectral upturn in the UV in the P2-spectrum in
Figure 2, we can estimate a thermal (external) photon source
with a luminosity of LD ∼ 2 × 1045 erg s−1, peaking at
νD ∼ 1015 Hz (ϵD ∼ 10−5).
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Figure 2. Compilation of broadband spectral energy distributions of 3C279,
including the day of the MAGIC VHE detection, 2006 February 23. Data for
P1 and P2 are from Hartman et al. (2001a), 2003 data are from Collmar et al.
(2004), and 2006 data are from Collmar et al. (2007) and Böttcher et al. (2007).
(A color version of this figure is available in the online journal.)

in the following section. We will therefore restrict our more
detailed discussion to the VHE spectrum corrected by the low
EBL model. The optical spectrum, while clearly in an elevated
state, shows about the same, steep spectral index αopt ∼ 1.7
as during lower optical flux states, indicating an underlying
nonthermal electron spectral index of p = 4.4.

The slopes of the radio and optical spectra indicate that the
synchrotron peak was in the usual range where it has been
observed in many previous observing campaigns, i.e., in the
infrared regime, around νsy ∼ 5 × 1013 Hz, corresponding to a
dimensionless photon energy ϵsy ≡ hνsy/(mec

2) ∼ 4 × 10−7.
This is consistent with the location of the synchrotron peak in a
compilation of simultaneous multiwavelength data in mid-2006,
shown by Marscher (2008), which included infrared coverage
by the Spitzer Space Telescope. For the purpose of a quantitative
analysis, the synchrotron peak flux may be estimated to be of
the order of νF

sy
ν ∼ 1013 Jy Hz. Equally, the X-ray spectrum

shows a quite typical shape as observed in previous high states
of 3C 279, in particular the P1 SED shown in Figures 2 and 4.
This suggests that the X-ray–GeV γ -ray spectrum is similar to
previously observed high states during the EGRET era.

If a one-zone leptonic jet model (as discussed in the following
section) applies, the VHE spectrum is expected to be at least
as steep as the optical (synchrotron) flux. The spectral indices
are expected to be similar if the γ -ray emission is produced
by Compton scattering in the Thomson regime. If Klein–
Nishina effects are important in the production of VHE γ -rays,
the resulting VHE spectrum would be even steeper than the
synchrotron spectrum. As already indicated above, this would
be in direct conflict with the observed relatively hard intrinsic
VHE spectrum, even when corrected with a low EBL model.
Therefore, in order not to predict a GeV γ -ray flux greatly in
excess of any archival EGRET flux, it is reasonable to assume a
γ -ray peak at νγ ∼ 1024–1025 Hz, corresponding to ϵγ ∼ 105.
The γ -ray peak flux is then νF

γ
ν ∼ 5 × 1013 Jy Hz. Previous

modeling works of the SEDs of 3C 279 placed the peak of
the high-energy component typically at frequencies around
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Figure 3. Opacity for VHE γ -ray photons due to γ γ absorption on the BLR
radiation field. The labels denote the location of the γ -ray emitting region. Other
parameters: LD = 2 × 1045 erg s−1, ΘD = 10−5, τBLR = 0.1. Heavy (black)
curves refer to the value of RBLR,in = 0.03 pc as inferred by Pian et al. (2005)
with the outer edge of the BLR, RBLR,out = 0.031 pc; light (blue) curves refer
to RBLR,in = 5.7 pc as inferred from Equation (8) and RBLR,out = 5.8 pc. The
photon energy E is in the stationary AGN rest frame.
(A color version of this figure is available in the online journal.)

109 1011 1013 1015 1017 1019 1021 1023 1025

ν [Hz]

10
11

10
12

10
13

10
14

νF
ν [

Jy
 H

z]

3C279

P1 (June 1991 flare)
P2 (Dec. 92/Jan. 93)
June 2003
Jan. 15, 2006
Feb. 23, 2006

MAGIC

Figure 4. Spectral fits to the SED of 3C279 on 2006 February 23: (solid (red))
using a leptonic external-Compton model with parameters similar to those
derived in Section 3.2; (short-dashed (red)) leptonic SSC model fit only to
the X-ray–γ -ray spectrum. Relevant parameters: γ1 = 104, γ2 = 106, q = 2.3,
Lj,e = 2.2 × 1047 erg s−1, ηesc = 80, RB = 6 × 1015 cm, Γ = D = 20,
B = 0.2 G; (dot-dashed (maroon)) fit with the hadronic synchrotron-proton
blazar model with internal (synchyrotron) photons only as targets for pγ pion
production, and (long-dashed (maroon)) with synchrotron + external (BLR)
photons as targets for pγ pion production. See Table 1 for parameters.
(A color version of this figure is available in the online journal.)

νγ ∼ 1023 Hz, i.e., about 1–2 orders of magnitude lower than our
new estimate, taking the MAGIC results into account. It is this
shift of the inferred high-energy peak which will lead to quite
dramatically different model implications for both leptonic and
hadronic models compared to previous modeling efforts.

From the spectral upturn in the UV in the P2-spectrum in
Figure 2, we can estimate a thermal (external) photon source
with a luminosity of LD ∼ 2 × 1045 erg s−1, peaking at
νD ∼ 1015 Hz (ϵD ∼ 10−5).
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Figure 2. Compilation of broadband spectral energy distributions of 3C279,
including the day of the MAGIC VHE detection, 2006 February 23. Data for
P1 and P2 are from Hartman et al. (2001a), 2003 data are from Collmar et al.
(2004), and 2006 data are from Collmar et al. (2007) and Böttcher et al. (2007).
(A color version of this figure is available in the online journal.)

in the following section. We will therefore restrict our more
detailed discussion to the VHE spectrum corrected by the low
EBL model. The optical spectrum, while clearly in an elevated
state, shows about the same, steep spectral index αopt ∼ 1.7
as during lower optical flux states, indicating an underlying
nonthermal electron spectral index of p = 4.4.

The slopes of the radio and optical spectra indicate that the
synchrotron peak was in the usual range where it has been
observed in many previous observing campaigns, i.e., in the
infrared regime, around νsy ∼ 5 × 1013 Hz, corresponding to a
dimensionless photon energy ϵsy ≡ hνsy/(mec

2) ∼ 4 × 10−7.
This is consistent with the location of the synchrotron peak in a
compilation of simultaneous multiwavelength data in mid-2006,
shown by Marscher (2008), which included infrared coverage
by the Spitzer Space Telescope. For the purpose of a quantitative
analysis, the synchrotron peak flux may be estimated to be of
the order of νF

sy
ν ∼ 1013 Jy Hz. Equally, the X-ray spectrum

shows a quite typical shape as observed in previous high states
of 3C 279, in particular the P1 SED shown in Figures 2 and 4.
This suggests that the X-ray–GeV γ -ray spectrum is similar to
previously observed high states during the EGRET era.

If a one-zone leptonic jet model (as discussed in the following
section) applies, the VHE spectrum is expected to be at least
as steep as the optical (synchrotron) flux. The spectral indices
are expected to be similar if the γ -ray emission is produced
by Compton scattering in the Thomson regime. If Klein–
Nishina effects are important in the production of VHE γ -rays,
the resulting VHE spectrum would be even steeper than the
synchrotron spectrum. As already indicated above, this would
be in direct conflict with the observed relatively hard intrinsic
VHE spectrum, even when corrected with a low EBL model.
Therefore, in order not to predict a GeV γ -ray flux greatly in
excess of any archival EGRET flux, it is reasonable to assume a
γ -ray peak at νγ ∼ 1024–1025 Hz, corresponding to ϵγ ∼ 105.
The γ -ray peak flux is then νF

γ
ν ∼ 5 × 1013 Jy Hz. Previous

modeling works of the SEDs of 3C 279 placed the peak of
the high-energy component typically at frequencies around
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Figure 3. Opacity for VHE γ -ray photons due to γ γ absorption on the BLR
radiation field. The labels denote the location of the γ -ray emitting region. Other
parameters: LD = 2 × 1045 erg s−1, ΘD = 10−5, τBLR = 0.1. Heavy (black)
curves refer to the value of RBLR,in = 0.03 pc as inferred by Pian et al. (2005)
with the outer edge of the BLR, RBLR,out = 0.031 pc; light (blue) curves refer
to RBLR,in = 5.7 pc as inferred from Equation (8) and RBLR,out = 5.8 pc. The
photon energy E is in the stationary AGN rest frame.
(A color version of this figure is available in the online journal.)
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Figure 4. Spectral fits to the SED of 3C279 on 2006 February 23: (solid (red))
using a leptonic external-Compton model with parameters similar to those
derived in Section 3.2; (short-dashed (red)) leptonic SSC model fit only to
the X-ray–γ -ray spectrum. Relevant parameters: γ1 = 104, γ2 = 106, q = 2.3,
Lj,e = 2.2 × 1047 erg s−1, ηesc = 80, RB = 6 × 1015 cm, Γ = D = 20,
B = 0.2 G; (dot-dashed (maroon)) fit with the hadronic synchrotron-proton
blazar model with internal (synchyrotron) photons only as targets for pγ pion
production, and (long-dashed (maroon)) with synchrotron + external (BLR)
photons as targets for pγ pion production. See Table 1 for parameters.
(A color version of this figure is available in the online journal.)

νγ ∼ 1023 Hz, i.e., about 1–2 orders of magnitude lower than our
new estimate, taking the MAGIC results into account. It is this
shift of the inferred high-energy peak which will lead to quite
dramatically different model implications for both leptonic and
hadronic models compared to previous modeling efforts.

From the spectral upturn in the UV in the P2-spectrum in
Figure 2, we can estimate a thermal (external) photon source
with a luminosity of LD ∼ 2 × 1045 erg s−1, peaking at
νD ∼ 1015 Hz (ϵD ∼ 10−5).
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Figure 2. Compilation of broadband spectral energy distributions of 3C279,
including the day of the MAGIC VHE detection, 2006 February 23. Data for
P1 and P2 are from Hartman et al. (2001a), 2003 data are from Collmar et al.
(2004), and 2006 data are from Collmar et al. (2007) and Böttcher et al. (2007).
(A color version of this figure is available in the online journal.)

in the following section. We will therefore restrict our more
detailed discussion to the VHE spectrum corrected by the low
EBL model. The optical spectrum, while clearly in an elevated
state, shows about the same, steep spectral index αopt ∼ 1.7
as during lower optical flux states, indicating an underlying
nonthermal electron spectral index of p = 4.4.

The slopes of the radio and optical spectra indicate that the
synchrotron peak was in the usual range where it has been
observed in many previous observing campaigns, i.e., in the
infrared regime, around νsy ∼ 5 × 1013 Hz, corresponding to a
dimensionless photon energy ϵsy ≡ hνsy/(mec

2) ∼ 4 × 10−7.
This is consistent with the location of the synchrotron peak in a
compilation of simultaneous multiwavelength data in mid-2006,
shown by Marscher (2008), which included infrared coverage
by the Spitzer Space Telescope. For the purpose of a quantitative
analysis, the synchrotron peak flux may be estimated to be of
the order of νF

sy
ν ∼ 1013 Jy Hz. Equally, the X-ray spectrum

shows a quite typical shape as observed in previous high states
of 3C 279, in particular the P1 SED shown in Figures 2 and 4.
This suggests that the X-ray–GeV γ -ray spectrum is similar to
previously observed high states during the EGRET era.

If a one-zone leptonic jet model (as discussed in the following
section) applies, the VHE spectrum is expected to be at least
as steep as the optical (synchrotron) flux. The spectral indices
are expected to be similar if the γ -ray emission is produced
by Compton scattering in the Thomson regime. If Klein–
Nishina effects are important in the production of VHE γ -rays,
the resulting VHE spectrum would be even steeper than the
synchrotron spectrum. As already indicated above, this would
be in direct conflict with the observed relatively hard intrinsic
VHE spectrum, even when corrected with a low EBL model.
Therefore, in order not to predict a GeV γ -ray flux greatly in
excess of any archival EGRET flux, it is reasonable to assume a
γ -ray peak at νγ ∼ 1024–1025 Hz, corresponding to ϵγ ∼ 105.
The γ -ray peak flux is then νF

γ
ν ∼ 5 × 1013 Jy Hz. Previous

modeling works of the SEDs of 3C 279 placed the peak of
the high-energy component typically at frequencies around
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Figure 3. Opacity for VHE γ -ray photons due to γ γ absorption on the BLR
radiation field. The labels denote the location of the γ -ray emitting region. Other
parameters: LD = 2 × 1045 erg s−1, ΘD = 10−5, τBLR = 0.1. Heavy (black)
curves refer to the value of RBLR,in = 0.03 pc as inferred by Pian et al. (2005)
with the outer edge of the BLR, RBLR,out = 0.031 pc; light (blue) curves refer
to RBLR,in = 5.7 pc as inferred from Equation (8) and RBLR,out = 5.8 pc. The
photon energy E is in the stationary AGN rest frame.
(A color version of this figure is available in the online journal.)
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Figure 4. Spectral fits to the SED of 3C279 on 2006 February 23: (solid (red))
using a leptonic external-Compton model with parameters similar to those
derived in Section 3.2; (short-dashed (red)) leptonic SSC model fit only to
the X-ray–γ -ray spectrum. Relevant parameters: γ1 = 104, γ2 = 106, q = 2.3,
Lj,e = 2.2 × 1047 erg s−1, ηesc = 80, RB = 6 × 1015 cm, Γ = D = 20,
B = 0.2 G; (dot-dashed (maroon)) fit with the hadronic synchrotron-proton
blazar model with internal (synchyrotron) photons only as targets for pγ pion
production, and (long-dashed (maroon)) with synchrotron + external (BLR)
photons as targets for pγ pion production. See Table 1 for parameters.
(A color version of this figure is available in the online journal.)

νγ ∼ 1023 Hz, i.e., about 1–2 orders of magnitude lower than our
new estimate, taking the MAGIC results into account. It is this
shift of the inferred high-energy peak which will lead to quite
dramatically different model implications for both leptonic and
hadronic models compared to previous modeling efforts.

From the spectral upturn in the UV in the P2-spectrum in
Figure 2, we can estimate a thermal (external) photon source
with a luminosity of LD ∼ 2 × 1045 erg s−1, peaking at
νD ∼ 1015 Hz (ϵD ∼ 10−5).
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Figure 2. Compilation of broadband spectral energy distributions of 3C279,
including the day of the MAGIC VHE detection, 2006 February 23. Data for
P1 and P2 are from Hartman et al. (2001a), 2003 data are from Collmar et al.
(2004), and 2006 data are from Collmar et al. (2007) and Böttcher et al. (2007).
(A color version of this figure is available in the online journal.)

in the following section. We will therefore restrict our more
detailed discussion to the VHE spectrum corrected by the low
EBL model. The optical spectrum, while clearly in an elevated
state, shows about the same, steep spectral index αopt ∼ 1.7
as during lower optical flux states, indicating an underlying
nonthermal electron spectral index of p = 4.4.

The slopes of the radio and optical spectra indicate that the
synchrotron peak was in the usual range where it has been
observed in many previous observing campaigns, i.e., in the
infrared regime, around νsy ∼ 5 × 1013 Hz, corresponding to a
dimensionless photon energy ϵsy ≡ hνsy/(mec

2) ∼ 4 × 10−7.
This is consistent with the location of the synchrotron peak in a
compilation of simultaneous multiwavelength data in mid-2006,
shown by Marscher (2008), which included infrared coverage
by the Spitzer Space Telescope. For the purpose of a quantitative
analysis, the synchrotron peak flux may be estimated to be of
the order of νF

sy
ν ∼ 1013 Jy Hz. Equally, the X-ray spectrum

shows a quite typical shape as observed in previous high states
of 3C 279, in particular the P1 SED shown in Figures 2 and 4.
This suggests that the X-ray–GeV γ -ray spectrum is similar to
previously observed high states during the EGRET era.

If a one-zone leptonic jet model (as discussed in the following
section) applies, the VHE spectrum is expected to be at least
as steep as the optical (synchrotron) flux. The spectral indices
are expected to be similar if the γ -ray emission is produced
by Compton scattering in the Thomson regime. If Klein–
Nishina effects are important in the production of VHE γ -rays,
the resulting VHE spectrum would be even steeper than the
synchrotron spectrum. As already indicated above, this would
be in direct conflict with the observed relatively hard intrinsic
VHE spectrum, even when corrected with a low EBL model.
Therefore, in order not to predict a GeV γ -ray flux greatly in
excess of any archival EGRET flux, it is reasonable to assume a
γ -ray peak at νγ ∼ 1024–1025 Hz, corresponding to ϵγ ∼ 105.
The γ -ray peak flux is then νF

γ
ν ∼ 5 × 1013 Jy Hz. Previous

modeling works of the SEDs of 3C 279 placed the peak of
the high-energy component typically at frequencies around
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curves refer to the value of RBLR,in = 0.03 pc as inferred by Pian et al. (2005)
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to RBLR,in = 5.7 pc as inferred from Equation (8) and RBLR,out = 5.8 pc. The
photon energy E is in the stationary AGN rest frame.
(A color version of this figure is available in the online journal.)
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Figure 4. Spectral fits to the SED of 3C279 on 2006 February 23: (solid (red))
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the X-ray–γ -ray spectrum. Relevant parameters: γ1 = 104, γ2 = 106, q = 2.3,
Lj,e = 2.2 × 1047 erg s−1, ηesc = 80, RB = 6 × 1015 cm, Γ = D = 20,
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blazar model with internal (synchyrotron) photons only as targets for pγ pion
production, and (long-dashed (maroon)) with synchrotron + external (BLR)
photons as targets for pγ pion production. See Table 1 for parameters.
(A color version of this figure is available in the online journal.)

νγ ∼ 1023 Hz, i.e., about 1–2 orders of magnitude lower than our
new estimate, taking the MAGIC results into account. It is this
shift of the inferred high-energy peak which will lead to quite
dramatically different model implications for both leptonic and
hadronic models compared to previous modeling efforts.

From the spectral upturn in the UV in the P2-spectrum in
Figure 2, we can estimate a thermal (external) photon source
with a luminosity of LD ∼ 2 × 1045 erg s−1, peaking at
νD ∼ 1015 Hz (ϵD ∼ 10−5).
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in the following section. We will therefore restrict our more
detailed discussion to the VHE spectrum corrected by the low
EBL model. The optical spectrum, while clearly in an elevated
state, shows about the same, steep spectral index αopt ∼ 1.7
as during lower optical flux states, indicating an underlying
nonthermal electron spectral index of p = 4.4.

The slopes of the radio and optical spectra indicate that the
synchrotron peak was in the usual range where it has been
observed in many previous observing campaigns, i.e., in the
infrared regime, around νsy ∼ 5 × 1013 Hz, corresponding to a
dimensionless photon energy ϵsy ≡ hνsy/(mec

2) ∼ 4 × 10−7.
This is consistent with the location of the synchrotron peak in a
compilation of simultaneous multiwavelength data in mid-2006,
shown by Marscher (2008), which included infrared coverage
by the Spitzer Space Telescope. For the purpose of a quantitative
analysis, the synchrotron peak flux may be estimated to be of
the order of νF
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ν ∼ 1013 Jy Hz. Equally, the X-ray spectrum

shows a quite typical shape as observed in previous high states
of 3C 279, in particular the P1 SED shown in Figures 2 and 4.
This suggests that the X-ray–GeV γ -ray spectrum is similar to
previously observed high states during the EGRET era.

If a one-zone leptonic jet model (as discussed in the following
section) applies, the VHE spectrum is expected to be at least
as steep as the optical (synchrotron) flux. The spectral indices
are expected to be similar if the γ -ray emission is produced
by Compton scattering in the Thomson regime. If Klein–
Nishina effects are important in the production of VHE γ -rays,
the resulting VHE spectrum would be even steeper than the
synchrotron spectrum. As already indicated above, this would
be in direct conflict with the observed relatively hard intrinsic
VHE spectrum, even when corrected with a low EBL model.
Therefore, in order not to predict a GeV γ -ray flux greatly in
excess of any archival EGRET flux, it is reasonable to assume a
γ -ray peak at νγ ∼ 1024–1025 Hz, corresponding to ϵγ ∼ 105.
The γ -ray peak flux is then νF

γ
ν ∼ 5 × 1013 Jy Hz. Previous
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using a leptonic external-Compton model with parameters similar to those
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photons as targets for pγ pion production. See Table 1 for parameters.
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νγ ∼ 1023 Hz, i.e., about 1–2 orders of magnitude lower than our
new estimate, taking the MAGIC results into account. It is this
shift of the inferred high-energy peak which will lead to quite
dramatically different model implications for both leptonic and
hadronic models compared to previous modeling efforts.

From the spectral upturn in the UV in the P2-spectrum in
Figure 2, we can estimate a thermal (external) photon source
with a luminosity of LD ∼ 2 × 1045 erg s−1, peaking at
νD ∼ 1015 Hz (ϵD ∼ 10−5).

 

4c

Active Galaxy with Jet Pointing at us: 3C279

ESO/B. Tafreshi (twanight.org)

ALMA

Hubble

Chandra XMM-Newton NuSTAR

Fermi MAGICSwift

(Bottcher+ 2009)

HAWC

Image courtesy of NRAO/AUI

Auger

Gamma-ray TeV

X-ray

IR/Optical/UV

Radio



VERITAS Very high-energy gamma-rays

Pierre Auger 
Observatory

Cosmic rays

Credit: S. Lidstrom/NSF

IceCube High-energy neutrinos

LIGO Gravitational Waves

Jets Enable Multimessenger Astronomy with Black Holes



Alexander (Sasha) Tchekhovskoy PiTP ’16

Jets Affect Galaxies/Clusters
(Fabian et al. 2003)Perseus Cluster



Alexander (Sasha) Tchekhovskoy PiTP ’16

Jets Affect Galaxies/Clusters
(Fabian et al. 2003)

we assume spherical symmetry but make no specific assump-
tion about the form of the underlying gravitational potential. We
first calculate the surface brightness (in a given energy band) in
a set of annuli (or wedges) and choose a corresponding set of
spherical shells. The gas parameters are assumed to be uniform
inside each shell. Outside 80 the emissivity was assumed to de-
crease with radius as a power law. The projection can then be

written as a convolution of the emissivities in each shell with the
projection matrix. The solution for emissivities minimizing the
!2 deviation from the observed surface brightness in the set of
annuli can be easily found (see, e.g., Churazov et al. 2003). The
emissivities are then converted to electron densities using the
Chandra spectral response, evaluated for the spectrum with a
given temperature and abundance of heavy elements (see the

Fig. 6.—Left: The 0.5Y2.5 keV band full-resolution (1 pixel ¼ 0:49200) image of the entire data set after background subtraction and ‘‘flat fielding’’ of the center of
M87.Center: The 6 cmVLA radio image fromHines et al. (1989) showing the radio jet and the synchrotron emission from the cocoon. The cocoon of relativistic plasma is
the ‘‘piston’’ that mediates outbursts from the central SMBH and drives shocks into the surrounding X-ray-emitting, thermal gas. Right : IRAC 4.5 "m image divided by a
#-model to remove the strong gradient of emission from the galaxy light. Prominent X-ray features of the central region show the counterjet cavity surrounded by a very
fine rim of gas and cavities to the west and southwest of the jet after the jet passes the sonic point and the radio-emitting plasma bends clockwise. The innermost buoyant
bubble (X-ray cavity, labeled ‘‘Bud’’ in left panel) coincides with the radio synchrotron emission extending south from the cocoon (center). The IRAC image shows the
emission from the nucleus and the jet. The IR jet emission ends just before the feature ‘‘Jet Cavity’’ in the X-ray image. On the counterjet side of the nucleus, two bright IR
patches ( labeled with arrows in the IRAC image) lie within a ‘‘C’’ shaped region. The two bright IR patches coincide with brighter regions of 6 cm emission (also marked
with arrows in the center panel) and associated with structures $ and % in Hines et al. (1989). The IR emission (and the coincident radio emission) lie at nearly 90" from the
direction of the jet (in projection) and arise from unbeamed emission.

Fig. 5.—Left: The relative deviations of the surface brightness from a radially averaged surface brightness model, i.e., ½data$model%/model over a broad energy band
(0.5Y2.5 keV). The shock, an outer cavity beyond the eastern arm, a sharp edge in the eastern arm, and an outer partial ring are seen. We have excised the prominent point
sources from this image by substituting a local background. Right: The 90 cm VLA image from Owen et al. (1990) at the same scale as the Chandra image shows the
relationship between the X-ray and radio structures. In particular, the eastern and southwestern arms are apparent in both X-ray and radio: the outer X-ray cavity cor-
responds to an enhancement in the radio, and the outer ring (enhancement in X-ray image) lies just beyond the edge of the large-scale radio emission. The radio torus, at the
end of the eastern arm, is connected by the arm to the center of M87. The torus and arm produce a ‘‘mushroom’’ shaped structure (cap and stem).

FORMAN ET AL.1062 Vol. 665Perseus Cluster

M87 (Forman et al. 2007)
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M87 (Forman et al. 2007)Cosmic Feedback from AGN 125

Figure 6. Left: The Arms and weak shocks produced by the jets of M87 (Forman et al 2007).
Right: The gigantic interaction of the radio lobes and intracluster gas of MS0735.6 (McNamara
et al 2009). The figure shows the inner 700 kpc of the cluster, extending well beyond its cool
core.

Figure 7. Left: HST image of the filaments around NGC1275 in the Perseus cluster (Fabian et
al 2008). Right: Mass of H2 reservoir compared with Spitzer IR luminosity (O’Dea et al 2008).

Much of this IR luminosity is due to vigorous star formation in the BCG, presumably
fuelled by a residual cooling flow. Some however could be due to the coolest X-ray
emitting clumps, at 0.5–1 keV, mixing in with the cold gas and thereby cooling non-
radiatively (Fabian et al 2002; Soker et al 2004). The outer filaments in NGC 1275, may
be powered by the hot gas (Ferland et al 2009).

The conclusion is that gas may be cooling from the hot phase of the intracluster medium
at a higher rate than otherwise thought. Some of the cooling occurs non-radiatively by
mixing. The gas then hangs around for Gyrs as a reservoir of cold molecular dust clouds,
forming stars slowly and sporadically.

Generally the central AGN in BCGs is quite sub-Eddington (λ ∼ 10−3
− 10−2). The

luminous low redshift quasar H1821+643 at z = 0.3 is a counter-example (Russell et al
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measurements based on stellar kinematics and gas kine-
matics. If the stated measurement errors in the black hole
masses are correct or if they are underestimated because of
systematic errors, the intrinsic dispersion in theMBH-! rela-
tion is no larger than about 0.25–0.3 dex in black hole mass
(i.e., less than a factor of 2).

Black hole mass estimates based on gas kinematics are
particularly uncertain, due to uncertainties in the spatial dis-
tribution of the gas (e.g., filled disk or torus configuration,
uncertain inclination and thickness) and the large but uncer-
tain correction for pressure support. In particular, including
a correction for pressure support will increase the black hole
mass; since four of the six high-dispersion galaxies in our
sample have masses determined by gas kinematics, a system-
atic increase in their masses could increase the best-fit slope.

The range of slopes for the MBH-! relation found in the
literature appears to arise mostly from systematic differen-
ces in the velocity dispersions used by different groups. We
do not believe that these differences reflect the different defi-
nitions of dispersion used by the groups (FM use the disper-
sion within a circular aperture of radius re=8, and the
Nukers use the dispersion within a slit aperture of half-
length re). It appears that part of the difference results from
Ferrarese &Merritt’s analysis, in which central velocity dis-
persions are extrapolated to re=8 using an empirical for-
mula. However, another—and possibly larger—component
appears to arise from poorly understood systematic errors
in the dispersion measurements.

In a few galaxies, the influence of the central black hole
may significantly affect the velocity dispersions—both the
central dispersions used by FM and the slit dispersions used

by the Nukers. Future analyses of the MBH-! relation
should be based on velocity-dispersion measures that are
less strongly weighted to the center; it is likely that both the
slope and the intrinsic scatter of the relation depend on
which dispersion measure is used, and it will be interesting
to seek the dispersion measure that offers the smallest intrin-
sic scatter. Other improvements in the analysis would
include the use of statistical estimators that are more robust
and that explicitly include an intrinsic dispersion in the
black hole mass, accounting properly for the asymmetric
error bars in black hole mass determinations, and estimat-
ing more accurately the uncertainties in individual disper-
sion measurements.

The investment of the astronomy community in the diffi-
cult task of measuring black hole masses has not yet been
matched by a commensurate investment in the much easier
task of obtaining high-quality kinematic maps of galaxies
containing black holes. A complete set of high-quality dis-
persion and rotation profiles for the galaxies in Table 1
would allow us to explore more deeply how the black hole
mass is related to the kinematic structure of its host galaxy.

We thank Michael Hudson and Tim de Zeeuw for discus-
sions and Tim de Zeeuw for communicating results in
advance of publication. Support for proposals 7388, 8591,
9106, and 9107 was provided by NASA through a grant
from the Space Telescope Science Institute, which is oper-
ated by the Association of Universities for Research in
Astronomy, Inc., under NASA contract NAS 5-26555. This
research was also supported by NSF grant AST 99-00316.

Fig. 7.—Data on black hole masses and dispersions for the galaxies in
Table 1, along with the best-fit correlation described by eqs. (1) and (19).
Mass measurements based on stellar kinematics are denoted by circles, on
gas kinematics by triangles, and on maser kinematics by asterisks; Nuker
measurements are denoted by filled circles. The dashed lines show the 1 !
limits on the best-fit correlation.

Fig. 8.—Residuals between the black hole masses and dispersions for the
galaxies in Table 1 and the best-fit correlation described by eq. (1) with
" ¼ 4:02 (eq. [19]). Mass measurements based on stellar kinematics are
denoted by circles, on gas kinematics by triangles, and on maser kinematics
by asterisks; Nuker measurements are denoted by filled circles.
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differences in the location of individual objects within the sub-
samples. Furthermore, at the largest accretion luminosities, where
the lower pattern is occupied mostly by quasars hosted by giant
elliptical galaxies, the relative location of the two sequencea is
not significantly modified.

In Figure 3 we plot the dependence of the radio loudness,R,
on the Eddington ratio, k, assuming k ¼ Lbol /LEdd ¼ 10(LB /LEdd)
(see, e.g., Richards et al. 2006).7 Our results confirm the trend of
the increase of radio loudness with decreasing Eddington ratio,
originally noticed by Ho (2002; see also Merloni et al. 2003;
Nagar et al. 2005). However, we show in addition that this trend
is followed separately—with a large difference in normalization—
by the ‘‘radio-quiet’’ and the ‘‘radio-loud’’ sequences. Yet an-

other feature revealed in Figure 3 is a clear change of slope of the
R" k dependence, which indicates some sort of saturation of
radio loudness at low Eddington ratios. A similar trend can be
noticed, but specifically for FR I and FR II radio galaxies, in the
data presented by Zirbel & Baum (1995). Let us recall that almost
all BLRGs and radio-loud quasars in our samples have FR II radio
morphology.

Finally, in Figure 4 we illustrate the dependence of radio loud-
ness on black hole mass. This plot demonstrates that AGNs with
the black hole masses >18 M# reach values of radio loudness
3 orders of magnitude larger than AGNs with black hole masses
<3 ; 107 M# on average.8 A relatively smooth transition be-
tween those two populations most likely is caused by the overlap
between black hole masses hosted by disk and elliptical galaxies.
Errors in black hole mass estimations can also have a similar

Fig. 1.—Total 5 GHz luminosity vs. B-band nuclear luminosity. BLRGs are
marked by filled circles, radio-loud quasars by open circles, Seyfert galaxies,
and LINERs by crosses, FR I radio galaxies by open triangles, and PG quasars
by filled stars.

Fig. 2.—Total 5 GHz luminosity vs. B-band nuclear luminosity in the
Eddington units. BLRGs are marked by filled circles, radio-loud quasars by open
circles, Seyfert galaxies and LINERs by crosses, FR I radio galaxies by open
triangles, and PG quasars by filled stars.

Fig. 3.—Radio loudness R vs. Eddington ratio k. BLRGs are marked by
filled circles, radio loud quasars by open circles, Seyfert galaxies and LINERs
by crosses, FR I radio galaxies by open triangles, and PG quasars by filled stars.

Fig. 4.—Radio loudness vs. black hole mass. BLRGs are marked by filled
circles, radio-loud quasars by open circles, Seyfert galaxies and LINERs by
crosses, FR I radio galaxies by open triangles, and PG quasars by filled stars.

7 Note that for very low luminosity AGNs the bolometric correction can be a
factor$2 larger than considered above. However, due to very large uncertainties
and not known functional dependence of the exact correction factor on the
luminosity (Ho 1999), we decided to use the same proportionality constant for all
the analyzed AGNs.

8 A number of very radio-loud AGNs was claimed by Woo & Urry (2002) to
be characterized byMBH < 108 M#. However, as it was demonstrated by Laor
(2003), in most of these cases the black hole masses have been determined
incorrectly.
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differences in the location of individual objects within the sub-
samples. Furthermore, at the largest accretion luminosities, where
the lower pattern is occupied mostly by quasars hosted by giant
elliptical galaxies, the relative location of the two sequencea is
not significantly modified.

In Figure 3 we plot the dependence of the radio loudness,R,
on the Eddington ratio, k, assuming k ¼ Lbol /LEdd ¼ 10(LB /LEdd)
(see, e.g., Richards et al. 2006).7 Our results confirm the trend of
the increase of radio loudness with decreasing Eddington ratio,
originally noticed by Ho (2002; see also Merloni et al. 2003;
Nagar et al. 2005). However, we show in addition that this trend
is followed separately—with a large difference in normalization—
by the ‘‘radio-quiet’’ and the ‘‘radio-loud’’ sequences. Yet an-

other feature revealed in Figure 3 is a clear change of slope of the
R" k dependence, which indicates some sort of saturation of
radio loudness at low Eddington ratios. A similar trend can be
noticed, but specifically for FR I and FR II radio galaxies, in the
data presented by Zirbel & Baum (1995). Let us recall that almost
all BLRGs and radio-loud quasars in our samples have FR II radio
morphology.

Finally, in Figure 4 we illustrate the dependence of radio loud-
ness on black hole mass. This plot demonstrates that AGNs with
the black hole masses >18 M# reach values of radio loudness
3 orders of magnitude larger than AGNs with black hole masses
<3 ; 107 M# on average.8 A relatively smooth transition be-
tween those two populations most likely is caused by the overlap
between black hole masses hosted by disk and elliptical galaxies.
Errors in black hole mass estimations can also have a similar

Fig. 1.—Total 5 GHz luminosity vs. B-band nuclear luminosity. BLRGs are
marked by filled circles, radio-loud quasars by open circles, Seyfert galaxies,
and LINERs by crosses, FR I radio galaxies by open triangles, and PG quasars
by filled stars.

Fig. 2.—Total 5 GHz luminosity vs. B-band nuclear luminosity in the
Eddington units. BLRGs are marked by filled circles, radio-loud quasars by open
circles, Seyfert galaxies and LINERs by crosses, FR I radio galaxies by open
triangles, and PG quasars by filled stars.

Fig. 3.—Radio loudness R vs. Eddington ratio k. BLRGs are marked by
filled circles, radio loud quasars by open circles, Seyfert galaxies and LINERs
by crosses, FR I radio galaxies by open triangles, and PG quasars by filled stars.

Fig. 4.—Radio loudness vs. black hole mass. BLRGs are marked by filled
circles, radio-loud quasars by open circles, Seyfert galaxies and LINERs by
crosses, FR I radio galaxies by open triangles, and PG quasars by filled stars.

7 Note that for very low luminosity AGNs the bolometric correction can be a
factor$2 larger than considered above. However, due to very large uncertainties
and not known functional dependence of the exact correction factor on the
luminosity (Ho 1999), we decided to use the same proportionality constant for all
the analyzed AGNs.

8 A number of very radio-loud AGNs was claimed by Woo & Urry (2002) to
be characterized byMBH < 108 M#. However, as it was demonstrated by Laor
(2003), in most of these cases the black hole masses have been determined
incorrectly.
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Jets: Beautiful and Challenging
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Event Horizon Telescope (EHT): 
VLBI images of Black Holes

• Two largest black holes on the sky

• Data is interpretation limited!

Image size ⇠ 8rg Image size ⇠ 11rg
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Event Horizon Telescope (EHT): 
VLBI images of Black Holes

• Two largest black holes on the sky

• Data is interpretation limited!
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Simulated EHT image of SgrA*
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What Powers Outflow?

• Spindown power

• Split-monopole

• What about black holes?

Ω

RL = c/Ω
Light cylinder (LC):

P ⇠ c

4⇡
( ~E ⇥ ~B)⇥ 4⇡RL

2 = cB2
LRL

2

P ⇠ 1

4⇡2c
�2⌦2

6

BL = �/2⇡RL

~B

NS

• Flow separates from NS at LC
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!Mass:  M
!Spin:   a  (J=a GM2/c)
!Charge:  Q

A Black Hole has no Hair! (No Hair 
Theorem)

To be precise, a BH has 2 (at most 3) hairs

A Black Hole is 
VERY 
Simple

Slide: R. 
Narayan
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Einstein had a lot 
of hair!

Black Hole has 
3 hairs!

M a

Q

Slide: R. 
Narayan
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A Black Hole 
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A Black Hole 
has only
2 hairs

M

Einstein had a lot 
of hair!

a

Black holes do not have magnetic hair.
Need to have currents outside the BH 
to keep the magnetic field on the BH.

Slide: R. 
Narayan
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What about Black Holes?

ΩF = ΩH/2

BH ⊗⊗ ⊗⦿⦿⦿

• Black hole drags space-time at 

• At the event horizon

• At infinity  

• Field line tries to please both:

• Otherwise, behaves almost like a NS!

! = 0

6
P ⇠ 1

4⇡2c
�2⌦F

2 ⇠ 1

16⇡2c
�2⌦H

2

24

! ' ⌦H(r/rH)
�3, ⌦H = ac/2rH

! = ⌦H

⌦F = ⌦H/2

(~10% corrections for other field geometries, AT+10, AT15)

~B
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BH ⊗⊗⦿⦿

Where Does Φ Come from?

⊗⦿ ⊗⊗ ⊗

~B

• Accretion disk:

• either drags B from large 
scales

• or generates B in situ

• presently unsolved problem

• Black hole must be accreting in 
order to form magnetosphere 
and produce jets

Ω
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How do Jets Accelerate?
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Assume the jets 
are massless 
(force-free) 
for simplicity

force-free
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Why So Bad (1/2)?
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NS
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Can combine both limits:

fie
ld 

lin
e

R 

Fm = �rpm =
✏m
R

Fc =
✏m�2

Rc

Fm = Fc

✏m
R

=
✏m�2

Rc

� =

✓
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R

◆1/2

Why So Bad (1/2)?
Force-balance across bent magnetic field lines, 
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r

�1 ⇡ ⌦R

c
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= �(� + 1)

How do Jets Accelerate?
mass-loaded

Conserved quantities along jets = ratios of conserved fluxes:

⇒

⇒

FB = Bp

FM = �⇢vp

⌘ =

FM

FB
=

�⇢vp
Bp

= const

FE = FEM + FKE

cEB'

4⇡
�FM

==

= ⌘Bp

µ =
FE
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= �

FEM

FKE
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How do Jets Accelerate?
mass-loaded

Conserved quantities along jets = ratios of conserved fluxes:

⇒

⇒

FB = Bp

FM = �⇢vp

⌘ =

FM

FB
=

�⇢vp
Bp

= const

FE = FEM + FKE
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==
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4⇡2⌘c
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2 + � =
µ

�
⇡BpR

2 + �

In order to accelerate 
efficiently, need reduction in 

local field line density
(Komissarov+09, AT+09)

� ⌘ (⇡BpR
2)Fµ =

FE

FM
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Acceleration in a magnetic nozzle

Hydro: de Laval nozzle: flow 
opens up after sonic 
surface → pressure drops 
→ ∇p accelerates flow:

p1 p2
v >  cs

v <  cs

v =  cs

MHD: reduction in field 
line density as the rest 
of field lines bunch up 
at the jet axis.  

Bunching

p1 p2>
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F = �rp

F = �rp

�

µ
= 1� ⇡BpR2

�

If BP(R) = const, no acceleration. 
Need magnetic flux bunching toward jet axis.
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When Can Jets Accelerate?

~B

Ω

NS
F

• Communication is essential

• All signals travel inside the 
Mach cone »:

• For communication across jet 
need          , so

• Thus:

• Jets accelerate better near the 
axis

✓ . ⇠

�✓ . �1/2 =

✓
µ

�

◆1/2

� . µ1/3

✓2/3

⇠ =
�F
�

⇡ �1/2

�
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When Can Jets Accelerate?
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1 light year

1000 black hole radii

W
alker et al. 2008

(radio, 7 mm)

but, most jets are collimated:

When Can Jets Accelerate?
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• Communication is essential
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How Do Collimated Jets Accelerate?
● Communication is essential

A B
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How Do Collimated Jets Accelerate?
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A B

 to avoid collisions 
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How Do Collimated Jets Accelerate?
● Communication is essential

● Jet boundary B needs to keep announcing its 
trajectory to the rest of the jet

A B
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How Do Collimated Jets Accelerate?
● Communication is essential

● Jet boundary B needs to keep announcing its 
trajectory to the rest of the jet

● All signals travel inside Mach cone »:

● For communication across jet need 
µ ≲  », so µ ≲ ¾1/2/°

● Robust conclusion: °µ ≲ ¾1/2

● Collimated jets accelerate efficiently

A B

» 
°  µ  

 to avoid collisions 

je
t a

xi
s
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What Do We Observe?

• Expect in collimated jets: 

• Observe:

• Active Galactic Nuclei: 

• Gamma-ray bursts (GRBs): 

• Does it mean that GRB jets are unmagnetized?

�✓ . �1/2 . 1

�✓ ⇠ 0.1�0.2

�✓ ⇠ 10�100
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Central 
black hole
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Deconfined

GRB jets are DEconfined:
°µ ≳ 10

(Tchekhovskoy, Narayan, McKinney, New Astronomy, 
2010)

Central 
black hole

IGM

Confined

 °µ = 2 ✓
   

   
   

   
 

W
al

l

Simulations of magnetized 
confined jets:
°µ ≲ 1 

(Komissarov et al., MNRAS, 2009)

GRB Jets: Problem Setup

07/13/2010
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Confined vs. Deconfined              
3210

BH BH

log10 �

° = 100 
µ  = 0.02 

°µ = 2 

° = 500 
µ  = 0.04 

°µ = 20
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Jet Structure Summary

BH

Fully unconfined jet:

Fully confined jet, large 
distance. Centrifugal force  
limits jet velocity (AT+ 2008):

Fully confined jet, small distance.  
Linear increase:

(AT+ 2010)

(Michel 1969)
star

7/18/16

�✓ ' 20�1/2

� ⇡
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Magnetic Summary
• Rotation + large-scale magnetic flux ➛ jets

• Black holes do not have their own magnetic flux, and 
rely on accretion disks for flux supply

• Jet power increases with rotational frequency squared 
and magnetic flux squared

• Jets naturally accelerate magnetically, but only 
collimating jets do so well

• Many jets are consistent with being powered 
magnetically, but other processes such as radiative 
driving can also be at play (see Jim Stone’s lecture)
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Homework

• Exercises with HARMPI code: fully parallel, 
3D general relativistic MHD code

• MONOPOLE_PROBLEM_1D

• MONOPOLE_PROBLEM_2D

• Documentation and download at:
https://github.com/atchekho/harmpi


