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A G N
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Pictorial description of an AGN

Image Credit: C.M.Urry & P. Padovani

Characteristics 
- SMBH (106-1010M⦿ ) at the center  
- Brightest persistent objects in Universe 
- Some have jets ( Mpc scale at the largest)  
- Some have absorption lines (BLR, NLR) 
- Variable emission 
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Many key questions for Jet remain open: 
 - Launching engine, evolution and energetics 
 - Magnetic field (shape and strength),  
 - Particle acceleration (shocks? turbulence? reconnection?) 
 - Location of high-energy emission 
 - What produces variability on various timescales ? 

 (years down to minutes in X rays to VHE gamma rays)

Mrk501 (source being investigated) 
- Second extragalactic source discovered at TeV (Quinn et al 1996) 
-  It is a BL Lac blazar(jet pointing to us, and no BLR)
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Mrk501  i s  an  exce l l en t  cand ida te  
 to  s tudy  b l aza r  phys i c s

3

Window for gamma ray 
 opened just ~10years ago!

— Easy to detect in short observations (<0.5 hour) 
— Small impact of  EBL, and possible to perform  
    morphology studies with radio instruments 
— Easier to study than the powerful FSRQs

Bright    
z ~ 0.03   

No BLR 

- Because of broadband emission: 
Need many instruments to cover many 
decades of energy range 

- Because of source variability:      
Need simultaneous observations

Abdo+2011 

The Astrophysical Journal, 727:129 (26pp), 2011 February 1 Abdo et al.
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Figure 8. SED for Mrk 501 averaged over all observations taken during the multifrequency campaign performed between 2009 March 15 (MJD 54905) and 2009
August 1 (MJD 55044). The legend reports the correspondence between the instruments and the measured fluxes. Further details about the instruments are given in
Section 5.1. The optical and X-ray data have been corrected for Galactic extinction, but the host galaxy (which is clearly visible at the IR/optical frequencies) has not
been subtracted. The TeV data from MAGIC and VERITAS have been corrected for the absorption in the EBL using the model reported in Franceschini et al. (2008).
The VERITAS data from the time interval MJD 54952.9–54955.9 were removed from the data set used to compute the average spectrum, and are depicted separately
in the SED plot (in green diamonds). See the text for further details.

by Franceschini et al. (2008). The corrections given by the
other low-EBL-level models (Kneiske et al. 2004; Gilmore et al.
2009; Finke et al. 2010) are very similar for the low redshift of
Mrk 501 (z = 0.034). The attenuation factor at a photon energy
of 6 TeV (the highest energy detected from Mrk 501 during this
campaign) is in the range e−τγ γ ≃ 0.4–0.5, and smaller at lower
energies.

During the campaign, as already noted above, the source did
not show large flux variations like those recorded by EGRET
in 1996, or those measured by X-ray and TeV instruments in
1997. Nevertheless, significant flux and spectral variations at
γ -ray energies occurred in the time interval MJD 54905–55044.
The largest flux variation during the campaign was observed at
TeV energies during the time interval MJD 54952.9–54955.9,
when VERITAS measured a flux about five times higher than
the average one during the campaign. Because of the remarkable
difference with respect to the rest of the analyzed exposure, these
observations were excluded from the data set used to compute
the average VERITAS spectrum for the campaign; the three-
day “flaring-state” spectrum (2.4 hr of observation) is presented
separately in Figure 8. Such a remarkable flux enhancement
was not observed in the other energy ranges and hence Figure 8
shows only the averaged spectra for the other instruments.156

The top panel in Figure 9 shows a zoom of the high-energy
bump depicted in Figure 8. The last two energy bins from
Fermi (60–160 and 160–400 GeV) are systematically above
(1σ–2σ ) the measured/extrapolated spectrum from MAGIC
and VERITAS. Even though this mismatch is not statistically

156 The MAGIC telescope did not operate during the time interval MJD
54948–54965 due to a drive system upgrade.

significant, we believe that the spectral variability observed
during the 4.5 month long campaign (see Sections 4 and 5.2)
could be the origin of such a difference. Because Fermi-LAT
operates in a survey mode, Mrk 501 is constantly monitored
at GeV energies,157 while this is not the case for the other
instruments which typically sampled the source for !1 hr every
five days approximately. Moreover, because of bad weather
or moonlight conditions, the monitoring at the TeV energies
with Cherenkov telescopes was even less regular than that at
lower frequencies. Therefore, Fermi-LAT may have measured
high activity that was missed by the other instruments. Indeed,
the 2.4 hr high-flux spectrum from VERITAS depicted in
Figure 8 (which was obtained during the three-day interval MJD
54952.9–54955.9) demonstrates that, during the multifrequency
campaign, there were time periods with substantially (factor of
five) higher TeV activity. It is possible that the highest energy
LAT observations ("50 GeV) include high TeV flux states which
occurred while the IACTs were not observing.

If the flaring activity occurred only at the highest photon
energies, then the computed Fermi-LAT flux (>0.3 GeV) would
not change very much and the effect might only be visible in the
measured power-law photon index. This seems to be the case
in the presented data set. As was shown in Figure 5, the 30-
day intervals MJD 54922–54952 and MJD 54952–54982 have
photon fluxes above 0.3 GeV of (3.9±0.6)×10−8 ph cm−2 s−1

and (3.6±0.5)×10−8 ph cm−2 s−1, while their photon indices are
2.10±0.13 and 1.63±0.09, respectively. Therefore, the spectral
information (together with the enhanced photon flux) indicates

157 For every three hours of Fermi operation, Mrk 501 is in the LAT FoV for
about 0.5 hr.
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Only some instruments shown 
!Observations being reduced (i.e. VERITAS) 
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Only some instruments shown 
!Observations being reduced (i.e. VERITAS) 
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Va r i a b i l i t y  i n  2 0 1 4

7

During flare dates
S:= standard deviation of the points 
<σerr

2>:=mean of squared error 
                   of the points 
<Fγ>   :=mean of flux

the different energy ranges, we fit all LCs simultaneously (com-
bined fit) with a flare model described by equation (2). In order to
remove 1 degree of freedom and facilitate the fit procedure, we as-
sume a symmetric flare with equal rise and fall flux-doubling
times, that is, c ¼ d in equation (2). The resulting parameters from
this combined fit are shown in Table 4. The combined fit gave
!2/NDF ¼ 14:0/12 (P ¼ 0:3), which implies that the measured
flare is compatiblewith being symmetric. The rise/fall flux-doubling
time is about 2 minutes for all the energy ranges. It is interesting to
note that the position of the peak of the flare for the different LCs
seems to vary somewhat with energy. The time difference between
the highest energy range and the lowest energy range is 239 " 78 s.
If, instead, the energy range 0.25Y0.6 TeV is selected as the
lowest energy range, which has a better defined flare (and thus a
better determination of the peak position), the time difference is
232 " 54 s.

In order to evaluate the significance of this time shift, we per-
formed the same fit, but this time using a common t0 for all LCs.
The resulting fits are shown in Figure 8, and the resulting param-
eters from the fit in Table 5. The combined fit gave !2/NDF ¼
26:6/15 (P ¼ 0:04), which implies that such a situation is unlikely,
and consequently that the time shift of 4 " 1 minutes between
the highest and the lowest energies is more probable.

Investigating the reliability of the time delay obtained from
the combined fit, we performed a cross-correlation analysis on the
LCs from July 9 with the methodology described in x 3.2. For this
studywe usedLCswith 2minute time bins from the energy ranges
0.25Y0.6 and 1.2Y10 TeV.38 The correlation coefficient and prob-
ability of correlation were computed after introducing time shifts
of 2 minutes (one bin in the LCs). We obtained the highest values
for a time lag of 4 minutes, which is consistent with the results
from the combined fit shown above.

We want to point out that this is the first time that a possible
time delay between flares at different energies is observed at VHE
"-ray energies, although such time lags have been detected for
some TeV blazars at X-ray frequencies, viz., Mrk 421 (Ravasio
et al. 2004) and PKS 2155#304 (Zhang et al. 2006a, 2006b). If
the observed VHE time lag is assumed to be real, this suggests
that we are observing the underlying dynamics of the relativistic
electrons in both the synchrotron and IC emission, and the ob-
servation, therefore, supports SSC models.

It should be also noted that the relative amplitude of the flux
variations observed in the LC for July 9 with respect to the base-
line emission is significantly larger at the highest energies. This
can be seen from the ratio b/a, where a and b are the coefficients
in equation (2) describing, respectively, the baseline and ampli-

tude of the flare (see Table 4): b/a ¼ 3:6 " 1:0 and 17 " 4 for,
respectively, the 0.25Y0.6 and 1.2Y10 TeV bands. The July 9 LC
also shows some significant flux variation in its stable part: in the
highest energy band, where activity is most conspicuous, a con-
stant fit gives a !2/NDF ¼ 20:6/5 (P ¼ 9:6 ; 10#4).

In summary, during the 2005MAGICobservations of Mrk 501
we detected variability at VHE frequencies with flux-doubling
times down to 2 minutes. This is about 50 times faster than the
shortest previously observed variability times at VHE frequen-
cies for Mrk 501 (Hayashida et al. 1998; Quinn et al. 1999;
Aharonian et al. 1999a;Djanati-Ataı̈ et al. 1999) and about 5 times
shorter than the shortest observed variability for Mrk 421 (Gaidos
et al. 1996). The above-presented flux variations are among the
shortest ever observed in blazars (see also Aharonian et al. 2007).
It is interesting to note that the Mrk 501 flux-doubling rise times
observed by MAGIC in the VHE range are rather comparable to
the shortest variability times observed at X-ray frequencies that
were reported byXue&Cui (2005): a flarewith a total duration of
15 minutes with a flux variation of 30%. The authors, however,
reported the presence of substructures, which point to the exis-
tence of variability on timescales shorter than 15 minutes. It is
worth mentioning that for both X-ray and "-ray the shortest flux
variations occurred when the source was not in an exceptionally
high emission state.

3.4. Quantification of the Variability

Mrk 501 has shown energy-dependent flux variations through-
out the entire MAGIC observational campaign. We followed the
description given in Vaughan et al. (2003) to quantify the flux
variability by means of the fractional variability parameter Fvar,
as a function of energy. In order to account for the individual flux
measurement errors (#err;i), we used the ‘‘excess variance’’ (Nandra
et al. 1997; Edelson et al. 2002) as an estimator of the intrinsic
source variance. This is the variance after subtracting the expected
contribution from measurement errors. For a given energy range,
the Fvar is calculated as

Fvar ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S 2 # #2

err

" #

F"

" #2

vuut ; ð3Þ

where hF"i is the mean photon flux, S is the standard deviation
of the N flux points, and h#2

erri is the average mean square error,
all determined for a given energy bin. The uncertainty on Fvar is
estimated according to
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TABLE 4

Flare Model Parameters for July 9 Resulting from a Combined Fit to All LCs from Figure 7 using Equation (2) with c ¼ d

Energy Range

(TeV)

aa

(10#10 photons cm#2 s#1)

a

(crab)

b

(10#10 photons cm#2 s#1)

c

(s)

t0 # tLC; 0:15Y0:25 TeV0
b

(s)

0.15Y0.25.................................. 4.23 " 0.49 2.48 " 0.28 8.6 " 3.7 143 " 92 0 " 68

0.25Y0.6.................................... 2.55 " 0.24 2.32 " 0.09 9.3 " 2.5 95 " 28 7 " 36

0.6Y1.2...................................... 0.53 " 0.10 1.96 " 0.37 2.7 " 0.9 146 " 56 111 " 91

1.2Y10....................................... 0.23 " 0.06 1.51 " 0.39 4.0 " 0.9 103 " 19 239 " 40

Note.—The overall !2/NDF ¼ 14:0/12 (P ¼ 0:3).
a Integrated steady emission flux ( left part of the graphs) in specified energy range.
b Parameter tLC; 0:15Y0:25 TeV0 is the t0 for the LC in the energy range 0.15Y0.25 TeV. This is used as a reference value, and the error of this quantity is not taken into account.

38 The flare observed in the LC from the energy range 0.15Y0.25 TeV is not
very well defined because of the somewhat larger measurement errors and the
smaller relative amplitude of the flux variation (with respect to the stable emis-
sion) with decreasing energy.

VARIABLE VHE "-RAY EMISSION FROM Mrk 501 871

Vaughan et al. (2003) 
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C o m p a r e d  t o  o t h e r  y e a r s
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Clear correlation  
between Xrays 
and VHE gamma 
Within 0.2 days 
! Expected from  
leptonic scenarios

VHE gamma(<1TeV) to X

TeV gamma to X

0.3-2keV

0.3-2keV

2-10keV

2-10keV

Relation between 
 X-ray and VHE gamma rays 
 change quickly with the  
 energy band 
—> 
Important for source dynamics, 
work in progress… 

Preliminary Preliminary

Preliminary Preliminary
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c o n c l u s i o n s

11

- Mrk 501 is an excellent target to study blazar physics (bright, nearby, and no BLR) 

- MW campaign in 2014 provides exquisite dataset for detail investigations of 
 multi-band flux variability and correlation  

- Light curve etc. are still preliminary. Further analysis needed. 
- Historial maximum of the X-ray emission during the 10+ years of Swift-XRT operation. 

- Double bump structure in variability vs energy 
       ->highest in X-rays and VHE gamma rays 
- Strong correlation of flux between X-rays and VHE-gamma rays  

Possibility to study  
   - Correlations over 3bands in X-rays and 2-bands in VHE gamma rays 
   - Spectral analysis  with broadband SEDs every 1-2 days 
   - Comparison with another archetypical TeV blazar “Mrk421”  
          ( Variability pattern already gives fundamental difference!) 
—> Work in progress. Stay tuned !!

Consistent with  
emission within  

leptonic scenarios



B A C K  U P
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C o r r e l a t i o n  ( D C F )
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Discrete Correlation Functions(DCF)

Edelson & Krolik (1988) 
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Mrk 501 vs Mrk 421

2014 2013

2013
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Va r i a b i l i t y  o f  M r k 5 0 1  a n d  M r k 4 2 1
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Fractional variability Mrk 421

Aleksic et al., 2015 
A&A 578, A22

2013

2010

Baloković et al. 2015"
arXiv:1512.02235
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Fractional variability Mrk 421

Aleksic et al., 2015 
A&A 578, A22

2013

2010

Baloković et al. 2015"
arXiv:1512.02235
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- Lower variability in optical band 

- Higher in VHE gamma than X



Blazar SED Sequence

• Two peaks

• Synchrotron

• Inverse Compton

• Luminous blazars tend to 
have lower peak energies 
(Fossati+’98, Kubo+’98) 41

 42

 43

 44

 45

 46

 47

 48

 49

-5  0  5  10

L
o
g

1
0
 i

L
i
(e

rg
 s

-1
)

Log10 Ea (eV)Log10 (Energy [eV])

Lo
g 1

0 (
νL

ν [
er

g/
s]

)

FSRQ

BL Lac

(Fossati+’97, ’98; Kubo+’98; Donato+’01; 
YI & Totani ’09; YI, Totani, & Mori ’10)

Y. Inoue, LST meeting in Jan ‘14


