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Blazars	


Artist  impression	
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•  Radio loud 
•  Small angular size 
•  Superluminal expansion 

3C  273,  Pearson  et  al.  1981	


Urry  and  Padovani  1995	

	




Blazars:  SED	


Broadband  spectral  energy  distribution	

3C  279  from  Hayashida  et  al.  2012	
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Blazars:  Variability	


Variability	

3C  279  from  Hayashida  et  al.  2012	
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Models  of  blazars	

•  Synchrotron emission for 

low energy peak 
o  High polarization 

•  High energy peak 
o  Inverse Compton 

•  Synchrotron self Compton 
•  External Compton 

o  Accretion disk, corona 
o  Broad line region 
o  Dust torus 
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Location  of  the  gamma-­‐‑
ray  emission  region	


•  The location is uncertain, but there are two main 
models 

Close  to  the  central  engine  <  1  pc	
 Few  parsecs  down  the  jet	


Blandford  and  Levinson  1995	
 Jorstad  et  al.  2001,  Marscher  2006	
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3x10-­‐‑4  –  0.3  pc	


10  pc  for  MBH  ~  109  Msun	




Observational  constraints	

•  Direct imaging is not possible 

o  VLBI observations have submilliarcsecond resolution 
o  Gamma-ray telescopes have ~0.3o at E > 10 GeV 

•  One alternative is to use the variability 
•  Correlated variations expected if the emission 

regions are related 

•  This program requires simultaneous monitoring at 
different bands 
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The  Fermi  era	

•  Fermi monitors the sky continuously at high energies 

o  Energies from 20 MeV to 300 GeV 

•  A full sky map every 3 hours 
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Outline	

•  OVRO 40 m telescope blazar monitoring program 
 
•  Cross-correlation significance 

•  Variability in the radio and gamma-ray band 

•  Cross-correlation, time lags and the location of the 
gamma-ray emission site 
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Radio  monitoring  
program	


The  OVRO  40  m  telescope  at  night  	

by  Joseph  Richards	


•  Monitoring 1593 blazars 
o  Including all Fermi detected 

•  Radio continuum  
o  15 GHz central frequency, 3 GHz bandwidth 
o  4 mJy thermal noise, ~3% typical uncertainty 

•  Two observation per week 
 

Distribution  of  monitored  sources  in  
equatorial  coordinates	
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Radio  light  curves,  4  years  of  data  
Flux  density  calibrators	


2008	
 2010	
 2012	
 2008	
 2010	
 2012	
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Radio  light  curves,  4  years  of  data  
Some  blazars	


2008	
 2010	
 2012	
 2008	
 2010	
 2012	
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Cross-­‐‑correlation  sample	

•  86 brightest gamma-ray sources 
•  75 % of monthly detections in second LAT source 

catalog (Nolan et al. 2012) 

The Astrophysical Journal Supplement Series, 199:31 (46pp), 2012 April Nolan et al.

Table 3
Definitions of the Analysis Flags

Flaga Meaning

1 Source with TS > 35 which went to TS < 25 when changing the diffuse model
(Section 3.7). Note that sources with TS < 35 are not flagged with this bit because
normal statistical fluctuations can push them to TS < 25.

2 Moved beyond its 95% error ellipse when changing the diffuse model.
3 Flux (>1 GeV) or energy flux (>100 MeV) changed by more than 3σ when

changing the diffuse model. Requires also that the flux change by more than
35% (to not flag strong sources).

4 Source-to-background ratio less than 20% in highest band in which TS > 25.
Background is integrated over πr2

68 or 1 deg2, whichever is smaller.
5 Closer than θref from a brighter neighbor. θref is defined in highest band in

which source TS > 25, or the band with highest TS if all are <25. θref is set
to 2.◦17 (FWHM) below 300 MeV, 1.◦38 between 300 MeV and 1 GeV, 0.◦87
between 1 GeV and 3 GeV, 0.◦67 between 3 and 10 GeV and 0.◦45 above
10 GeV (2 r68).

6 On top of an interstellar gas clump or small-scale defect in the model of
diffuse emission; equivalent to the “c” designator in the source name (Section 3.9).

7 Not used.
8 Inconsistent position determination (Section 3.1.4); best position from optimization

outside the 1σ (39% in 2D) contour from the TS map.
9 Elliptical quality >4 in pointlike (i.e., TS contour does not look elliptical).
10 Spectral fit quality >16.3 (Equation (3)).
11 Possibly due to the Sun (Section 3.6).
12 Highly curved spectrum; LogParabola β fixed to 1 or PLExpCutoff

Spectral_Index fixed to 0 (see Section 3.3).

Note. a In the FITS version the values are encoded as individual bits in a single column, with Flag n
having value 2(n−1). For information about the FITS version of the table see Table 12 in Appendix C.

5. In the case of an upper limit, the best-fit flux value is given in
the catalog, and the error is replaced by 0.5(F UL

i −Fi). This
allows bands with upper limits to be treated consistently
with the other bands while preserving enough information
to extract the upper limits. The FITS version of the catalog94

has a flag column to indicate when an entry in a flux
history is an upper limit. Please note that this is a different
convention to that used to report flux upper limits for the
energy bands (Section 3.5). See Appendix C for more
information.

6. A total of 340 sources have only upper limits on monthly
timescales. These sources have an average integrated sig-
nificance over the full two-year data set of 5.3σ . At the
opposite extreme, 94 sources are detected significantly in
every one of the time periods.

To test for variability in each source we construct a variability
index from the value of the likelihood in the null hypothesis, that
the source flux is constant across the full two-year period, and
the value under the alternate hypothesis where the flux in each
bin is optimized:

TSvar = 2[logL({Fi}) − logL(FConst)]

= 2
∑

i

[logLi(Fi) − logLi(FConst)] = 2
∑

i

V 2
i , (4)

where the log likelihood for the full time period, logL({Fi}),
can be expressed as a sum of terms for the individual time bands,
logLi . If the null hypothesis is correct TSvar is distributed as χ2

with 23 degrees of freedom, and a value of TSvar > 41.6 is used
to identify variable sources at a 99% confidence level. For most
sources the value for FConst is close to the value derived from

94 The FITS version of the catalog is available through the Fermi Science
Support Center. See Appendix C.
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2FGL J1512.8−0906 − PKS 1510−08

Figure 11. Light curve for the bright blazar PKS 1510−089 in the full energy
range (100 MeV to 100 GeV). The dashed line depicts the average flux from
the analysis of the full 24 month data set.

the likelihood analysis of the full time period, although strong
variability in nearby background sources can cause to them to
differ in some cases. The light curve for PKS 1510−089, a bright
blazar, is shown in Figure 11. This source is easily flagged as
variable, with TSvar = 6406.

Upper limits calculated through the profile method are han-
dled naturally in the variability index procedure described
above, but those calculated using the Bayesian method would
have to be included in an ad hoc manner. Instead, when calcu-
lating the variability index, the results of the profile method are
used for all upper limits.
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Sample  monthly  binned  	

gamma-­‐‑ray  light  curve	


Nolan  et  al.  2012	
 Sample  of  the  table  with  source  properties	
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Gamma-­‐‑ray  light  curves	

•  Data from the Fermi Gamma-ray Space Telescope 
•  Energy from 100 MeV to 200 GeV 
•  3 years of data with 7 day time bins 

2008	
 2010	
 2012	
 2008	
 2010	
 2012	
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γ-­‐‑ray	
 γ-­‐‑ray	




The  estimation  of  the    
cross-­‐‑correlation	


•  Cross-correlation for unevenly sampled data 
o  Edelson and Krolik 1988, Welsh 1999 
 

•  This does not provide an estimate of the 
significance 

•  The significance is estimated using simulated data 
o  We need a model to simulate the light curves 
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•  Flares are common in radio and gamma-rays 
•  One to one identification is challenging 

 

The  significance  of  the  
cross-­‐‑correlation	
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•  The appearance of flares depends on the 
characteristics of the signal 
o  Modeled with simple power law power spectral density (PSD) 

The  significance  of  the  
cross-­‐‑correlation	


Simulated  light  curves  with  different  PSD,  3  for  each  case  	
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simulation  1	
 simulation  2	
 simulation  3	




The  significance  of  the    
cross-­‐‑correlation	
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radio  	

light  curve	


γ-­‐‑ray  	

light  curve	


PSD  fit	

P  ~  1  /  νβr	


PSD  fit	

P  ~  1  /  νβγ	


cross-­‐‑correlation  
significance	


-­‐‑  Time  lag	

-­‐‑  Significance	
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radio	


γ-­‐‑ray	


Model  dependence  of  
significance	
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The  characterization  of  
the  variability	


•  Variability is characterized with the PSD 
•  Uneven sampling is a problem 
•  A method was developed based on Uttley et al. 

2002 
•  The PSD is fitted to the mean PSD of simulated data 

sets 
 

o  Same sampling and noise properties as data 
o  Requires interpolation and sampling window function to avoid biased 

estimate of β, in general βfit < βreal 
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Correlations  and  time-­‐‑
lags  in  OVRO  sample	


•  41 out 86 are variable in both bands and have no 
flags (noise and trends) 

•  13 sources have fitted PSD in radio and gamma-rays 
•  These have the best significance constraints 

•  For the other sources we use mean population 
values in non-constrained band of 
o  βradio = 2.3 and βgamma = 1.6 

•  We set a significance limit of 97.56% (2.25σ), for 
which one spurious case is expected 
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Sources  with  significant  
correlation	


B2 2308 + 34, � = �120± 14 day

PKS1502 + 106, � = �40± 13 day

AO0235 + 164, � = �30± 9 day
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⌧ = �150± 8 day



Model  for  the  correlation  
and  time-­‐‑lag	





 





 


Basic  model  for  delayed  radio  emission	




 


Estimation  of  jet  properties  from  VLBI  observations	
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Location  of  the  gamma-­‐‑
ray  emission  region	
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Table 2: Distance between the region of the gamma-ray flare peak and the central engine.

Source d d
core

(coll) d
core

(cone) d�(coll) d�(cone)

[pc] [pc] [pc] [pc] [pc]

AO 0235+164, ⌧ = �150 ± 8 day 37 ± 23 & 23 ± 6 & 40 ± 11 & �14 ± 24 & 3 ± 25

AO 0235+164, ⌧ = �30 ± 9 day 8 ± 5 & 23 ± 6 & 40 ± 11 & 15 ± 8 & 32 ± 12

PKS 1502+106 2 ± 1 14 ± 9 24 ± 15 12 ± 9 22 ± 15



Summary	

•  Radio monitoring of 1593 blazars at 15 GHz 

o  Large sample, continuously observed independent of gamma-ray state 

•  Statistical analysis 
o  Variability characterization at 15 GHz for largest sample ever studied 
o  Significance of cross-correlations based on measured variability properties 

•  3 sources out of 41 show significant correlation 
o  An additional object (Mrk 421) shows correlated variability when 

extended light curves are used 

•  In all significant cases:  
o  Radio emission lags gamma-ray variations.  
o  Indication that gamma-ray emission is produced upstream of radio 

•  In one case gamma-rays originate parsecs away 
from the central engine 
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Final  comments	

•  Simultaneous programs with radio and LSST can 

play a significant role in the future 

•  Statistical techniques as the ones presented here 
are required to get the most out of these 
multiwavelength observations 
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