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●Introduction
● Source Properties & Observational Biases

●Current status of knowledge & what we'd like to get from CTA
● Angular Resolution

● Tells us where things come from
● Flux Sensitivity

● Gives us time resolution for source physical processes
● Dynamic Range in Energy

● Gives us spectral information as a window on physical processes

+ multi-wavelength information



  

Torres & Anchordoqui RPPh 67, 1663 (2004).

Two main AGN populations: radio loud and radio quiet

Radio quiet (QSO, Seyfert) are by far the most 
numerous, making up ~90% of AGN, but ~50% 
of the most luminous.

Radio loud (radio galaxies, blazars) are 
characterised by the presence of powerful radio 
jets

TeV sources are radio loud

Classification is based on viewing angle to the jet

radio loud

radio quiet



  

Classified based on viewing angle to the 
jet

Blazars are radio loud objects with the jet 
oriented toward our line of sight.

This leads to a strong relativistic boosting 
effect on luminosity of order 4 where
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boosting amplifies variability effects, 
overcomes intrinsic luminosity of source 
attenuation effects and allows intrinsically 
larger emitting zones. 

integral@soton.ac.uk



Unified Model

observerjet axis



  
Fosatti et al. MNRAS 299, 433 (1998).

Spectral Energy Distribution (SED)

shows 2 broad peaks attributed to:

synchrotronsynchrotron
inverse Compton

FSRQ

HBL

TeVX-ray GeVoptical



  

Second peak attributed to:

Leptons:
● Synchrotron Self Compton (SSC) – 

seed photon field comes from lepton 
population itself, expect correlated 
variability

● External Compton (EC) – seed 
photon field comes from elsewhere, 
e.g. accretion disc, broad line region, 
CMB, etc, etc

Hadrons:
● particle interaction with medium, 

creates pions which decay to 
photons

● proton synchrotron radiation



  

Blazar Sequence

blazar sequence defined by Fosatti 
et al based on luminosity:

i. first peak defines class, most 
luminous objects have lowest 
peak frequencies

ii. the peak frequency of the -ray 
component correlates with the 
peak frequency of the lower 
one.

iii.the luminosity ratio between 
high and low frequency 
components increases with 
bolometric luminosity

=> unified scheme shows single 
process governs objects from FSRQ 
to BL Lacs?

Fosatti et al. MNRAS 299, 433 (1998).

FSRQ

HBL

IBL

LBL



  
Ghisellini et al. MNRAS 387, 1669 (2008).

After further investigation, e.g. 

Nieppola et al. A&A 488, 867 (2008), and 
the discovery of outliers (e.g. 
“forbidden” objects like HFSRQ) the 
blazar sequence was further refined 
by Ghisellini & Tavecchio proposing 
that the power of the jet is related to 
the two main parameters of the 
accretion process: namely 
the mass of the central SMBH 
and the accretion rate

Blazar Sequence



  
Ghisellini et al. MNRAS 387, 1669 (2008).

blazar sequence further refined by 
Ghisellini & Tavecchio proposing that 
the power of the jet is related to the 
two main parameters of the 
accretion process: namely the mass 
of the central SMBH and the 
accretion rate

Blazar Sequence



  

Fermi Collaboration ApJ 715, 429 (2010).

FSRQ
BL Lacs
radio galaxies
unknown type

Current catalogue of objects

E>100 MeV emitters E>100 GeV emitters

>600 objects, 
including 10 radio-quiet associations

>30 objects all radio loud
BL Lacs mainly HBL, with some IBL, LBL

2 radio galaxies
(+2 starburst galaxies)

http://tevcat.uchicago.edu



  

A biased sample from selection effects

almost entirely biased towards strong boosting – would need a very close source to see 
it otherwise

biased towards active states – due to sensitivity & observing strategies (MWL alerts)

biased towards low redshifts – due to absorption effects & observing strategies

H.E.S.S. Collaboration A&A 520, 83 (2010).

PKS 2155 flux history

Doppler Boosting x104 -> x106

Dynamic range of current IACT ~5000

Active states of TeV AGN x10, x200

quiescent state

active state

extreme
flare



  

Photons: the friendly particle

TeV 

EBL 



  

H.E.S.S. Collaboration Nature 440, 1018 (2006).

A low level of extra-galactic background light as revealed by -rays from blazars

0.73 7.3 22z=0.129 E

 [TeV]=

Near infrared EBL is consistent 
with the amount of  integrated 
starlight expected from galaxy 
counts.

open points are lower limits 
from galaxy counts

 spitzer
 Hubble
 Hubble

Direct measurements of EBL in 
the IR are hampered by 
foreground emission, e.g. dust, 
zodiacal light, etc.

If you know the intrinsic source 
spectrum from distant objects 
you can calculate the optical 
depth from the measured 
spectrum.

Friends with benefits



  

MAGIC Collaboration Science 320, 1752 (2008).

The gamma-ray horizon

peak in known 
blazar distribution

CTA threshold



  A. Zech

AGN from the Veron-Cetty & Veron
catalogue (12th edition).

A low energy threshold will increase source numbers allowing us to do population studies



  

The need for good angular resolution

Given their distance AGN are essentially point sources to us, so what benefits will good 
angular resolution bring?



  

The need for good angular resolution: 3C 66 A and B

Two sources separated by only 0.12o

3C 66 A is an IBL at z~0.444
3C 66 B is a radio-galaxy at z=0.0215

B
A

B
A

MAGIC Collaboration ApJ 692, 29 (2009).

VERITAS Collaboration ApJ 693, 104 (2009).

MAGIC Collaboration arXiv:1010.0550

MAGIC claim discovery of 3C66B in 2007 data

VERITAS claim discovery of 3C66A in 2008 data

MAGIC claim detection of 3C66A in 2010 data



  

Fermi Collaboration ApJ 713, 1433 (2010)H.E.S.S. Collaboration ApJ 695, 40 (2009)

centroid position is consistent with inner galaxy centroid position is offset from inner galaxy

The galaxy & jets are essentially unresolved by instrument point spread function

The need for good angular resolution: Centaurus A

VHE HE

Exact site could be important in determining origin of UHECR...



  

~2.5x1020cm

20''

The angular resolution of current IACT is 
insufficient to choose between the many 
candidate emission regions as seen at 
other wavelengths.

The need for good angular 
resolution: M 87



  

When angular resolution limits are reached, we rely on indirect methods and temporal 
arguments to discern the source emission region & physics. This is often in relation to 
multi-wavelength data, which does have the angular resolution we require to find the 
source of emission

The need for flux sensitivity



  

Temporal Variability

Years Months Days Minutes

H.E.S.S. Collaboration, Science 314, 1424 (2006).

Hours

M87 jet ~30o to los
flux doubling on timescale of days is fastest seen from this source

R≤c× t×≈1015 cm×≈5 x x RS
for 1<<50 this is a few  Schwarzchild radii of the SMBH, 
which indicates emission from the core or the HST-1 knot 

M87



  

H.E.S.S. Collaboration, Science 314, 1424 (2006).

historical high consistent with peak of long term flare in HST-1

M87



  

VERITAS, MAGIC, & H.E.S.S.collaborations
& VLBA 43 GHz M87 monitoring team
Science 325, 444 (2009).

Fast inter-night variability 
coincides with radio flare 
from the core. 

M87

Probing acceleration close 
to the central engine?



  
H.E.S.S. Collaboration ApJ 664, 71 (2007).

Crab

PKS 2155-304

An exceptional gamma-ray flare from PKS 2155-304

Temporal Variability

Years Months Days MinutesHours



  

MAGIC Collaboration ApJ 669, 862 (2007).

Temporal Variability

Years Months Days MinutesHours

MAGIC observations of Mrk 501



  

Lister et al AJ 138, 1874 (2009).

Measured knots in blazar jets demonstrate superluminal motions that can reach up to those 
values, but the TeV sources tend to have the slowest bulk motion when measured in the 
radio... Is there deceleration between regions or multi-component jets?

0.1

1.0

10.

flare timescales of 300s indicate Doppler factor of 50 or more 
[Begelman, Fabian & Rees MNRAS 384, 19 (2008)]



  

High State

Low State

Extrapolate that exceptional flare to CTA 
sensitivity would give the same high state 
a time resolution of seconds...

and you could resolve flares on the same 
minute timescale in the low state.

A. Zech



  

Compton dominance

from ~ to 1:8
cubic relation difficult to explain under SSC

An exceptional gamma-ray flare from PKS 2155-304 II: Chandra night

H.E.S.S. Collaboration A&A 502, 71 (2007).



  

An orphan flare from 1ES 1959+650

Krawczynski et al. ApJ 621, 181 (2004).

also seen in Mrk 421 Błaźejowski et al. ApJ 630, 130 (2005).

fast TeV flare

but nothing in X-ray



  

PKS 2155-304 in 2008

TeV-optical correlated
TeV-MeV not correlated probing different electron population?



  

The need for dynamic range



  

Spectral Curvature

power law -> broken power law, log-parabolic, exponential cut-off

origin not yet identified gamma_max, KN, EBL

bias due to observed spectral ranges?



  

Whipple Collaboration ApJ 575, 9 (2002).

Spectral Hardening as a Function of Flux

Mrk 421 flares in 2001

Movement of IC peak into the TeV energy range?



  

Spectral Variability: a bias due to sensitivity & dynamic range?

HEGRA Collaboration A&A 393, 89 (2002).

cf curvature in quiescent state Daniel arXiv:0810.0387

A consistent cut-off to the spectrum 
between flaring periods tells of long term 
stability in the process:

● stability in jet physical conditions?
● attenuation on EBL? - goes with redshift
● Klein-Nishina effects? - transition from 

Thomson regime when E

 m

e
c2



  

Mrk421

Spectral softening, then hardening

Change between 2 different states, quiescent to active?

Evidence of particle acceleration/cooling?

H.E.S.S. Collaboration A&A 520, 83 (2010).

PKS 2155-304

Spectral Variability: source properties?



  

Adapted from De Angelis et al. MNRAS 394, 21 (2009).

photon-axion
oscillation

EBL absorption

How transparent is the universe II?

but requires 
knowledge of 
intrinsic spectral 
form to be sure...



  

And what about the rest...

● Galaxy Clusters -> cosmic ray heating of the intra-cluster medium...
● EBL as a function of redshift -> star formation history of the universe...
● Pair Haloes -> from EBL, knowledge of intergalactic magnetic field...
● Lorentz Invariance Violation -> limits on quantum gravity...



  

Summary

● What we know:
● Doppler boosting means we are biased toward looking at a particular sub-type of AGN, 

but we can see others and better sensitivity will move us toward a more complete 
sample for population studies

● The simplest models we've developed (e.g. single zone SSC) are starting to struggle 
with the current observational data. We need better observations of more objects to 
work out what is going on in these extreme environments.

● What we need:
● Lower energy threshold: further z, more source types
● Larger dynamic range: lower threshold + larger collection area at high energies
● Better angular resolution: to understand where the emission comes from wrt MWL 

data
● Better sensitivity: to find fainter sources & again for comparison to MWL data
● Better sky coverage/survey capabilities: to get more, un-biased, population numbers 

and to look for transient events.



  

Temporal Variability

Years Months Days MinutesHours



  

Discovery of blazars – HBL, IBL, LBL, etc blazar sequence?
W Comae as cross over in spectrum

Fast flaring
2155, 501

Spectral hardening, spectral curvature
421, 2155

Orphan flares
1959, 421

Things other than blazars
M87 – misaligned blazar?
Cen A – radio galaxy (a la M87)
starburst galaxies
NGC 1275

DEBRA/EBL
constrain star formation history of the universe
turn it on its head & get the redshift for sources.

What to look at next
Population studies
MWL

Crazy shit
pair halo
LIV
extragalactic magnetic fields
high-z sources and axions
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