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Lecture 2

Sera Markoff (API/GRAPPA, U Amsterdam)

High-Energy Radiative Processes and Jets



Optical depth in jets:  refresher
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Some useful simple scalings for “flat” (synch.self-absorbed) jet cores
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Example: Cygnus A (again), the famous radio galaxy
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Yuan et al. 2003

Sgr A* spectrum — all the “ins” and “outs"
Radio            submm        NIR    OPT      UV    X-rays
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Chandra resolution 
(θ≲0.5”) ~ RBondi 
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First (and deepest) Chandra-HETG observations of Sgr A*:  
Evidence for elongation of quiescent emission

(Wang, Nowak, SM++, Science, 2013)



Chandra-HETG observations of Sgr A*:  
First detailed plasma diagnostics

(Wang, Nowak, SM++, Science, 2013)



Chandra-HETG observations of Sgr A*:  
First detailed plasma diagnostics

 Result:  99% of captured mass lost to outflows! 

(n~r-3/2+s, s≳0.6 ➠ n~r-0.5) 
consistent with the class of “RIAF” models

(Wang, Nowak, SM++, Science, 2013)



(Nielsen++ 2013)

Sgr A* experiences ~daily nonthermal flaring
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Xray flares

Variability & plasma constraints:  
Finally enough flares to perform statistics!

(Dodds-Eden 2009; Witzel++ 2012; Nielsen++ 2013, Nielsen, SM++ 2015; Dibi, SM, Nielsen++2016)
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Variability & plasma constraints:  
Finally enough flares to perform statistics!

(Dodds-Eden 2009; Witzel++ 2012; Nielsen++ 2013, Nielsen, SM++ 2015; Dibi, SM, Nielsen++2016)

X-ray CDFIR CDF
ΓX=-1.9ΓIR=-4.2/-2.7

The simplest synchrotron scenario with non-thermal acceleration  
cannot recover both CDFs!



Sgr A*:  Which synchrotron formula can you already use?

Yuan et al. 2003
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Sgr A*an AGN like others?:  νSSA

Yuan et al. 2003
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Bremsstrahlung



Bremsstrahlung

Radiation emitted as a particle de/accelerates in 
the Coulomb field of another charge 

“Braking radiation”, also called “free-free” emission 
QED process, but we can go pretty far with classical picture using 
dipole approximation for case of e-ion interactions 
If interested in seeing the real derivations: 

e-p: Karzas & Latter 1961 ApJ Suppl., 6, 167 
e-e+: Haug 1987, A&A, 178, 292 
e-e:  Haug 1989, A&A, 218, 330



What happens to dipole radiation pattern in the relativistic case?
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Relating frequency to particle acceleration via dipole approximation
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Semi-classical “dipole” approximation for bremsstrahlung
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Application:  astrophysical thermal plasma
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Sgr A*:  What’s the T?

Yuan et al. 2003
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Relativistic scattering: Klein-Nishina & recoil
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Inverse Compton (IC) scattering: energy gain
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Sgr A*: SSC (synchrotron-self Compton)

Yuan et al. 2003
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Spectrum and Compton Y parameter
smgla Scott
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Spectrum and Compton Y parameter II
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Sgr A*: SSC (synchrotron-self Compton): y?

Yuan et al. 2003
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Non-saturated Compton (y≤1): statistical approach
. what Is rosson yw got PL and how does it depend on y ? = I
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Non-saturated Compton (y≤1): statistical approach II
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Probability in particle acceleration



Schematic of 1st order Fermi Acceleration
�Deceleration/acceleration of a supersonic 

flow produces a thin shock layer full of 
compressed magnetic fields 

�In the particle rest frame, system looks like 
converging flow (think of two pingpong 
racquets) 

�Particle scatters back and forth (with 
probability of escaping increasing), 
gaining energy during each crossing

U2U1

Shock front

particle

downstreamupstream

shock rest frame



Another mechanism is completely different:  magnetic reconnection



Another mechanism is completely different:  magnetic reconnection



Particle-in-cell (PIC) Simulations

(Crumley, Caprioli, SM, Spikovsky, subm.)



Particle-in-cell (PIC) Simulations



Few final examples of HEA “in action”



Mass scaling works for black holes!  
Sgr A*

A0620-00



Back to Sgr A* simulations

(van Eijnatten, SM, Younsi, Tchekhovskoy++)



Blandford & Königl 1979:  flat jet spectra = high !SSA

� Qj(Φ VjA(r,Φ)

F�F�

�

Maximum synchrotron 
self-absorption break  
➠ most compact part of 
jet where particle 
acceleration occurs



How do we recognize particle acceleration?

Blue: X-rays (Chandra), Green: Optical (Hubble Space Telescope) , Yellow: Optical & Peak Radio, 

Red: Radio (Very Large Array)

3C273: Jester et al. (2006), ~30kpc
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the “action” takes place, 
103-105 rg from the 
black hole
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How do we recognize particle acceleration?

Blue: X-rays (Chandra), Green: Optical (Hubble Space Telescope) , Yellow: Optical & Peak Radio, 

Red: Radio (Very Large Array)

3C273: Jester et al. (2006), ~30kpc

Marscher++2008, 
2014; Cohen++2014/
MOJAVE picture:  
Standing/recollimation 
shock where most of 
the “action” takes place, 
103-105 rg from the 
black hole

But why the offset from the black hole?  
And what is going on upstream in the jets?

1ES 0229+200 (Aliu++2013)



Best view of inner jets so far:  M87

(Kim++2018; Walker++2018; Hada++14,16,18; Acciari++10; Abramowski++12, etc.)

Timing analysis of γray flares ➠ 40-100rg, but jets near core estimated to be 
dominated by thermal particles (1000:1)
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Timing analysis of γray flares ➠ 40-100rg, but jets near core estimated to be 
dominated by thermal particles (1000:1)
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N(γ)~Cγ-p

�

F�

(SM, Falcke & Fender 2001; SM, Nowak & Wilms 2005)

N(γ)~f(T)

Schematic of thermal/nonthermal jet spectrum

Zacc
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(TRussell, Miller-Jones,++ 2014;  TRussell ++ in prep.; see also Koljonen++ 2015)

“Next gen” XRB monitoring campaigns:  MAXI J1836-194

?
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(TRussell, Miller-Jones,++ 2014;  TRussell ++ in prep.; see also Koljonen++ 2015)

“Next gen” XRB monitoring campaigns:  MAXI J1836-194

?

October 12 October 27

Clear trend:  Zacc⬆ as ṁ ⬆



Independent determination of Zacc

(Kalamkar++2016; Gandhi++ 2017)

GX339-4
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Independent determination of Zacc

(Kalamkar++2016; Gandhi++ 2017)

‣ Broadband noise:  IR lags X-ray by ~110ms ➠ 
largest scale ~ 2x109cm (few 103 rg), consistent 
with spectral fitting.  Now found in three sources, 
all 0.1-0.2ms!

GX339-4
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Independent determination of Zacc

(Kalamkar++2016; Gandhi++ 2017)

‣ Broadband noise:  IR lags X-ray by ~110ms ➠ 
largest scale ~ 2x109cm (few 103 rg), consistent 
with spectral fitting.  Now found in three sources, 
all 0.1-0.2ms!

‣ First IR LFQPO’s!  Half the Xray frequency

GX339-4

V404Cyg



Zacc ~10-103 rg

N(γ)~Cγ-p

�

F�

(SM, Falcke & Fender 2001; SM, Nowak & Wilms 2005)

N(γ)~f(T)

Zacc offset real, responds to changes in the accretion flow



Studying causality in GRMHD

σ0=10

σ0=60

Alfvén 
Surface

M-S Fast 
Surface

(Chatterjee, Liska, Tchekhovskoy, SM, ++, in prep.)



Entrainment
(6000x800x1)‣ K-H eddies pick up 

matter from disk (~800 
rg), reconnect inside 
jet, freeing matter to 
travel with the jet 

‣ Explains deceleration 
we see, changes jet 
collimation profile 

(Chatterjee, Liska, Tchekhovskoy, SM++, in prep.)
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QUESTIONS From LECTURES

-How does usp of spacetime effect jets .

- Plc simlstnns = > connection to lager Suk Sim 4 models ?
- what wold we not to verify SHRB & NS - NS mayor Scenario ?

- structured jats ⇒ on we see / constrain in all BH s ?

- what are The most exciting open questions in nuclear sstopbs .

?

- How do jats in NS - NS binaries a Rat GW harems ?

- To constrain models : batter to go deep on one some or broad ) 4
population ( spec .

A jetstd ?
- Connection btw jets in XnBs/Aan t GRBIGW . Em mayors ?

- Wat is Physical process dny skta transition in BHs/Ns ?



-
Whan m last XRBS 4 Gao sited Betts ?

- How does V cooling Crista asymmetry in explosion ?


