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Introduction
• Mrk501: a nearby blazar (z=0.034), very bright in VHE 

(>100 GeV) gamma-rays 
• Known for frequent & fast activities (e.g., up to ~4.5 

Crab Nebula Unit (>300 GeV) in 2009) 
• “Laboratory” for the AGN jet physics, to see changes 

in the physical states in jets
• Multi-wavelength campaign, to understand changing 

states without an ambiguity in “simultaneous or not”
• In particular, this is the first time including 

NuSTAR, a hard X-ray satellite (3-79 keV)
• Ref.) A. Furniss, K. Noda, et al.,submitted to ApJ 
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Dataset
• 4 months in 2013 

• E.g., by MAGIC, 9 Apr (MJD 
56391) - 10 Aug (MJD 56514) 

• 2 campaigns with NuSTAR in 
low states (~0.3 Crab in VHE) 

• ToO triggered in MJD 
56484, by a high rate 
observed by Swift/XRT 
• 5 consecutive nights with 

MAGIC (& Swift/XRT). 
Flux up to ~2.5 Crab 

• 2 additional campaigns 
with NuSTAR, in MJD 
56485.9 and 56486.9

Preliminary

MJD 
56395

MJD 
56420
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Dataset
• Zoom-up around ToO 

• Quick look: Correlations 
between VHE (MAGIC) 
and X (NuSTAR & XRT)

• However, MAGIC data of 
this period (and later) were 
affected by a sand dust 
coming from Saharan 
desert (called ‘Calima’) 

• Need a correction, or 
should be discarded... 

Preliminary

MJD 
56485.9

MJD 
56486.9
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MAGIC telescopes

• La Palma, Canaries, Spain, 2200 m a.s.l. 
• 2 Imaging Atmospheric Cherenkov Telescopes, 

with a diameter of 17 m
• Sensitivity (50h, 5σ, Li&Ma w/ 5 bgd. regions): 

0.67 ±0.04% Crab (>290 GeV)
• Energy threshold : ~50 GeV
• Energy resolution : ~16% 
• Ref.) Aleksic et al., Astropart. Phys. 02, 005 (2015) 

from the CTA press release :-)
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LIDAR correction
• To correct data taken under adverse 

atmospheric conditions, and to recover 
data, which would be discarded otherwise. 

• Strategy presented in ICRC 2013 (Fruck et al., #1054) LIDAR, next to MAGIC

Effective area 
correction

Clouds

Low altitude 
layer (dust, cloud,,,) 

LIDAR ‘raw’ data

• Transmission	  τ(h)	  vs.	  al1tude	  h,	  es1mated	  from	  the	  LIDAR	  raw	  data	  
• 1st-‐order	  correc1on	  es1mates	  E:	  Etrue	  =	  Eest	  /	  τ	  (gnd)
• Effec1ve	  area	  and	  energy	  corrected	  event-‐wise

• Checked with Crab Nebula spectra taken under a few different conditions 
(Fruck et al., Proc. of AtmoHEAD 2014, 02003 (2015) ) 
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Specials in/after this work
• ~17 hr affected out of ~22 hr observed... 

==> Corrected and recovered ~10 hr of crucial 
data during flaring activity, to be 15.1 hr in total 

• Only for Calima = low-altitude dust attenuation 
(so the 1st-order correction should work well)

• LIDAR used for first time in a physics paper with 
IACT observations (Cf. Nolan et al., ApP 34 304 (2010). A useful 
tech. study with PKS 2155-304 data, using a ceilometer measuring <7.5 km) 

• New routines implemented & debugged/checked 
in the MAGIC standard analysis package (MARS) 
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Atmospheric Monitoring in MAGIC and Data Corrections

A simple “signal inversion” algorithm for the MAGIC LIDAR

Examples

22 / 29

Typical Calima features

Transmission ~70% ±2% 
no altitude dependence >6 km

Cf.) If cloudy day...

• Calima: typically 
lower than 5 km 

• Stable transmission, 
more than by clouds 

1 hour
Systematic error increased 

accordingly (by τ(h)	  estimation)
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Mrk 501 7
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Figure 4. MAGIC and VERITAS spectra averaged over epochs
with simultaneous NuSTAR exposures. The power-law spectral
fitting parameters for the VHE data are summarized in Table 3.
Only statistical (1σ) error bars are shown for each of the spectral
points.

so-called wobble mode (Fomin et al. 1994), where the324

pointing direction is changed every 20 (or 15) minutes325

among 2 (or 4) positions with an offset of 0.4◦ from the326

source position.327

All the data were analyzed following the standard pro-328

cedure (Aleksić et al. 2012) using the MAGIC Analysis329

and Reconstruction Software (MARS; Zanin et al. 2013).330

An image cleaning was applied based on information of331

signal amplitude and timing of each pixel, and the shower332

images were parametrized using the Hillas parameters333

(Hillas 1985). For the reconstruction of the gamma-ray334

direction and the gamma-hadron separation, the random335

forest method is applied using the image parameters and336

the stereoscopic parameters. (Albert et al. 2008; Aleksić337

et al. 2010). The energy reconstruction utilizes look-up338

tables. The analysis steps were confirmed independently339

with data from the Crab Nebula and dedicated Monte340

Carlo simulations of gamma-ray showers.341

A fraction of the dataset (10.4 of 15.1 hours, specif-342

ically the observations between MJD 56485 and MJD343

56514) was affected by “Calima,” a Saharan sand-dust344

layer in the atmosphere. A correction within the frame-345

work of the MARS software is applied to account for346

the absorption due to Calima using LIDAR measure-347

ments taken simultaneously with the MAGIC observa-348

tions (Fruck et al. 2013). The correction was carried349

out in two steps. Due to the dust attenuation during350

Calima, the estimated energy is shifted towards low en-351

ergies, and thus is corrected event by event, as the first352

step. Then, to account for the shift of the energy esti-353

mation, a correction to the collection area is applied as a354

second step, due to the energy dependence in the collec-355

tion area. The atmospheric transmission values for this356

method were obtained from the temporally closest LI-357

DAR measurement. During the observations affected by358

Calima the atmospheric transmission ranged from 85%359

down to 60%, being relatively stable within a timescale360

of one day, which is a typical feature of a Calima layer361

(unlike a cloudy sky). The precision on the energy cor-362

rection is estimated to be around 5% of the attenuation363

(40% to 15%), which corresponds to < 2% of the esti-364

mated energy, at most. After the Calima correction, the365

energy threshold increases inversely proportional to the366

transmission value. This correction method was tested367

independently on a Crab Nebula dataset observed under368

similarly hazy weather conditions (Fruck & Gaug 2015).369

Details of the method can be found in Fruck (2014). This370

is the first time an event-by-event atmospheric correction371

is applied to MAGIC data.372

The analysis results of the MAGIC data taken dur-373

ing good weather conditions have a systematic uncer-374

tainty in the flux normalization and in the energy scale.375

For both of them, the component changing run-by-run is376

estimated to be ∼11% using Crab Nebula observations377

(Aleksić et al. 2015a). It is attributed mainly to the378

atmospheric transmission of the Cherenkov light, which379

can change on a daily basis (even during so-called good380

weather conditions) and the mirror reflectivity, which can381

change also on a daily basis due to the deposition of dust.382

The atmospheric correction applied in the analysis of the383

data taken during Calima increases this run-by-run sys-384

tematic error from 11% to 15% due to the uncertainty in385

the correction. Since the systematic uncertainty can be386

different according to the atmospheric correction,we have387

added 15% or 11% (with or without the atmospheric cor-388

rection) to the statistical errors of the flux in quadrature389

for the evaluation of flux variability.390

The summary of the MAGIC analysis results for obser-391

vations occurring simultaneously with NuSTAR is pro-392

vided in Table 3. The derived spectra are shown in Fig-393

ure 4, where the spectral points are drawn with statis-394

tical errors only. The resultant flux values above 200395

GeV range from (2.39± 0.51)× 10−11 ph cm−2 s−1 (0.11396

Crab Nebula flux) on MJD 56395 to (5.52±0.87)×10−10
397

ph cm−2 s−1 (2.5 times the Crab Nebula flux) on MJD398

56484. As seen in the overall light curve (top panel of Fig.399

5, shown again only with statistical errors), MAGIC ob-400

servations indicate a significant variability around MJD401

56484. A hint of intra-night variability was observed on402

MJD 56486 and 56487 simultaneously with the NuSTAR403

observations, as shown in the zoomed-in light curve (top404

panel of Figure 6). During these two nights the VHE405

emission is consistent with a constant flux, resulting in a406

χ2/DOF of 7.3/4 (12% probability) with the inclusion of407

the systematic error. Without accounting for the addi-408

tional systematic error, the constant fit to the flux results409

in a χ2/DOF of 57/4.410

3.1.2. VERITAS411

VERITAS is a VHE instrument comprised of four 12-412

m IACTs and is sensitive to gamma rays between ∼100413

GeV and ∼30 TeV (Holder et al. 2006; Kieda 2013). This414

instrument can detect 1% Crab Nebula flux in under 25415

hours. VERITAS observed Mrk 501 fourteen times be-416

tween 2013 April 7 (MJD 56389) and 2013 June 18 (MJD417

56461), with 2.5 and 1.0 hours quality-selected exposures418

occurring simultaneously with NuSTAR on MJD 56395419

and MJD 56421, respectively. On days without simulta-420

neous NuSTAR observations, the exposure times ranged421

between 0.5 hours and 1.5 hours. The observations oc-422

Spectral energy distributions
• VHE SEDs taken in the 

4 campaigns

• MJD 56395, 56420: 
Not corrected, Zd 10-35 
deg, Eth 70-100 GeV 
Compatible between 
MAGIC & VERITAS

• MJD 56485.9, 56486.9: 
LIDAR-corrected, 
Zd 12-60 deg, Eth multi-
plied by x 1/ τ (gnd) 
Reconstructed well 
=> Detailed studies 
possible! 

Preliminary
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MWL SED

18 Furniss et al.

 [J
y 

H
z]

   
   

   
  

ν
 F

ν

1010

1110

1210

1310 MJD 56395

 [J
y 

H
z]

   
   

   
  

ν
 F

ν

1010

1110

1210

1310 MJD 56420

 [J
y 

H
z]

   
   

   
  

ν
 F

ν

1010

1110

1210

1310 MJD 56485.0

10 16 18 20 26 28

 [J
y 

H
z]

   
   

   
  

ν
 F

ν

1010

1110

1210

1310 MJD 56485.9

 [Hz]        ν
1010 1210 1410 1610 1810 2010 2210 2410 2610 2810

 [J
y 

H
z]

   
   

   
  

ν
 F
ν 1010

1110

1210

1310 MJD 56486.9

Figure 12. Observed broadband SEDs of Mrk501 on each of the days where NuSTAR observations occurred (red, green, blue and pink
data). Additionally we include observations from MJD 56485.0 (turquoise, center panel), which show the SED one day after the most
elevated flux state observed during this campaign. The broadband data are represented with a single-zone SSC model (solid line), with the
model parameters summarized in Table 6. The Fermi LAT limits shown in the top two panels are taken from analysis of data between
MJD 56381 and 56424, while the bottom three panels show Fermi results produced from analysis of data between MJD 56471 and 56499.

Preliminary

• Added MJD 56485.0: 
Closest to the flare, without 
NuSTAR but with Swift/XRT 

• Radio: as upper-limits. Fermi-
LAT: integrated in 43, 28 days

• Modeled with an equilibrium 
version of a single-zone 
Synchrotron Self-Compton 
model (Böttcher et al. (2013)) 

• NuSTAR covers Synchrotron 
peaks in the flare nicely

• IC peaks well modeled with 
a relatively simple picture
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Discussions

• Hardening in the particle injection 
• Energy transfer from magnetic field to the particles

• Magnetic reconnection? (e.g., Werner et al. (2014) ) Slight decrease in R 
• IC seems happening in the Klein-Nishina regime 

• VHE-X correlation favors a quadratic relation, which is a typical feature in 
the Thomson regime, but not contradictory (with reasonably steady B). 

Escape time scale (fixed)

Doppler factor (fixed)

Injected particle index 

Magnetic field

Equipartition parameter

Jet critical angle (fixed)
Emission region size

Particle kinetic energy
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Summary
• Mrk 501: “Laboratory” to understand the AGN jet physics 
• MW campaign in 2013, with NuSTAR for the first time

• a better knowledge of Synchrotron peak, together with 
strictly simultaneous VHE observations of the IC peak

• MAGIC data affected by a sand layer from Saharan desert, 
are corrected well with the LIDAR data. 
• The first IACT physics publication with a LIDAR 

correction. A good news for CTA!  
• A simple SSC model works well, and discussions of the 

interpretation without any large ambiguity 
• showing the capability of the LIDAR correction 
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