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Research Problem

m Despite the commissioning of major astronomical instruments in the
southern hemisphere, particularly H.E.S.S. and MeerKAT, dedicated
multi-wavelength studies of blazars in the southern sky are limited.

m This research project aimed to fill that gap by
1) Reviewing and adapting the analysis techniques established for northern hemisphere multi-
wavelength campaigns.

2) Formulating an analysis strategy tailored for future southern hemisphere monitoring
campaigns of blazars with H.E.S.S. and MeerKAT.
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Objectives

The main objectives of this study were the following:

a) Assess existing multiwavelength analysis techniques applied to blazars and identify
variability metrics that yield temporal variability results.

b) Propose a multiwavelength analysis workflow on analogous published datasets to
establish a baseline on variability.

c) Establish a standardized data processing framework that covers sample selection, data
mining, light curve generation, statistical measures, variability metrics and correlation
analysis to be used for future multiwavelength campaigns in the southern hemisphere.
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Variability Metrics

Variability in AGNs can be quantified through parameters such as;

m Variability Index (VI): Quantifies the largest observed fractional change in flux. It provides a limited
view of variability, as it relies only the maximum and minimum flux densities of a source over the
full observation period and disregards the rest of the dataset and is sensitive to outliers.

m Modulation Index (MI): Provides the most direct indication of the variability characteristics of a
source at a given frequency. We use the modulation index to measure the degree of variability.

m Debiased Modulation Index (M,): Accounts for the uncertainties in the flux measurements,

avoiding bias in which sources with larger errors (or lower signal-to-noise ratios) tend to have
higher modulation indices.

m Fractional Index (Fl): Used to quantify the intrinsic variability of AGN and blazars. It provides a
normalized measure of the variability strength after accounting for measurement uncertainties.
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Results - Variability

Table 4.6: Variability measures for the VLBA, Effelsberg and Fermi-LAT data.

ID

Effelsberg

VLBA

Fermi-LAT

MI

My

FI

VI

xl

MI

My

FI1

VI

xl

Ml

My

FI

VI

xZ

J0222+4302
J0238+1636
JO738+1742
J1104+3812
J1159+2914
J1221+2813
J1229+0203
J1256-0547

J1310+3220
J1512-0905

J1635+3808
J1653+3945
J1751+0939
J2202+4216

J2232+1143

23.42+3.54
52.23+3.14
31.30 £ 3.63
32.69+544
40.92 +£2.49
2776 £5.27
38.47+2.20
32.34+2.01
27.60£2.74
32.40 + 433
46.64 +£2.25
24.62 + 4.63
37.66 +£2.03
47.86+£2.78
28.46 £ 3.05

22.44 £3.47
51.10 + 3.08
29.44 £3.48
3142 +£5.34
39.61+£2.42
26.35+5.19
37.97+2.18
31.89+1.99
26.87 £2.69
31.81 £4.28
46.06 +2.23
24.01 £4.59
36.88 £2.00
47.31+£2.76
27.91+3.02

96.83 +13.89
239.24 + 22.86

90.39 £ 12.50
140.84 +25.50

136.39+£9.14
110.31 £ 18.30
158.44 +21.86
135.34 +13.50
135.36 +12.21
164.17 +29.89
174.13 + 18.82
148.67 +25.73
148.56 £ 11.51
202.47 £21.24
145.15 + 18.69

37.75+6.19
62.33 +5.83
35.29+£4.76
4587+ 845
51.96 £3.25
36.18 £7.34
60.65 + 6.83
53.00 +4.44
52.55 £4.03
53.37+7.24
62.95+3.76
5731+ 17.52
62.79 £ 3.83
69.14 £+ 3.96
61.36 +£8.13

217.20
944.33
161.59
175.23
595.51
71.27
1124.17
635.45
218.33
503.51
1417.06
296.31
682.62
1302.53
555.03

44,02 £ 1.51
55.28 £1.29
73.54 £ 0.95
30.67 £0.73
42.57+0.79
46.00 = 1.80
49.15 +0.99
46.61 + 0.66
4398 + 1.16
45.19+0.74
41.14 +£0.84
53.07+1.32
39.22+0.85
82.25+1.92
50.49 +1.02

43.24+1.49
54.79 +1.28
72.90 £ 0.94
30.39+£0.73
42.20+0.78
45.18 £1.77
48.72 £ 0.98
46.19 + 0.66
4320+ 1.14
44.80£0.73
40.78 £ 0.84
52.48 £1.31
38.87+£0.84
81.54+1.91
50.04 +1.01

206.43 £ 10.68
26433+ 14.74
293.66 + 14.48
151.78 + 7.80
196.33 £ 10.65
232.18+£13.61
243.60 + 10.45
181.43 + 8.75
185.86 = 10.42
184.75 + 7.89
168.31 + 7.68
241.77 £ 13.84
200.79 + 9.66
452.53 +20.08
258.91 £ 13.49

85.77£3.27
72.07 £ 1.55
96.76 + 1.50
8121+341
76.39 £ 1.50
77.05+2.71
89.84 +£0.71
76.34 + 1.37
76.15+1.92
79.56 £1.17
65.49 + 1.65
88.33+3.52
8036+1.21
94.31 £ 0.47
86.06 + 0.96

1078.77
2718.86
5735.49
2163.29
4868.81
1000.83
8918.95
5846.82
2191.44
6012.46
3248.58
1873.74
5377.30
7260.13
6119.72

64.34 £3.96
88.50 +2.20
43.20+£9.28
27.64 £3.22
44.94 + 5.66
57.21 £6.59
63.61 +2.45
79.37 £2.03
77.78 £ 6.07
95.91 £1.47
50.65 £4.53
55.33 £6.69
93.16 + 6.86
63.04 £ 6.00
53.12+6.12

63.59+3.92
87.53+2.18
42.12+9.34
27.21+3.21
4420+ 5.63
56.34 £ 6.54
62.89+242
78.51 +2.01
76.82 + 6.01
94.88 £1.45
49.97 £ 4.49
54.47 + 6.66
91.99 +6.79
62.21 +£5.95
5233 £6.07

406.47 + 33.17
333.40 + 18.10
287.32 £ 45.80
158.62 +23.30
260.51 £39.10
312.19 £ 47.58
256.44 +20.87
315.03 + 15.89
411.12 +42.04
396.49 £ 13.44
288.67 £33.12
297.10 £41.87
423.78 + 47.63
373.89 £ 51.87
318.26 £ 47.78

81.65 £ 4.17
98.95 £ 2,15
96.89 + 30.32
57.72 £ 13.09
85.71 £ 19.68
93.82+£9.17
83.39 + 4.65
86.25 +3.48
96.26 + 6.76
94.13 + 1.27
7536+ 8.13
86.57 + 13.40
97.90 £ 9.53
93.63 +£11.69
8329+ 12.51

333.93
2783.70
233.31
105.18
94.45
365.50
726.71
1629.36
594.40
4314.07
148.80
102.65
395.90
163.37
104.24

Note: The values shown in bold correspond to the maximum variability metrics observed for each instrument. To estimate the errors of the modulation index (MI), de-biased modulation index (M), variability index

(VI) and fractional index (FI), we randomly generate flux in each observation by assuming that each measurement follows a Gaussian distribution with the error of the measurement as the standard deviation of the

distribution. The process was repeated 1000 times and the uncertainties of these parameters were estimated from the 1o of the distributions (see [67]).
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Summary of Variability Metrics

m J1512-0905 - strong Fermi variability
m J2202+4216 - strong VLBA variability
m JO238+1636 - strong Effelsberg variability
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Correlation Analysis

m In this study, we applied regression analysis using the LINMIX statistical package to investigate
the correlation and relationship between our calculated variability matrices.

m Traditional regression techniques such as ordinary least squares are inappropriate for data in
which both the independent and dependent variables are subject to measurement error.

m The LINMIX model extends linear regression to account for measurement errors in both x and y
variables, as well as intrinsic variability not explained by the regression.
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Results - Correlation

* The VLBA correlation analysis shows the strongest linear relationships.
v’ Reflects the superior angular resolution and sensitivity of the VLBA observations, which better resolve
intrinsic source variability from systematic effects.
e The Fermi-LAT correlation matrix shows the most variability relationships, with increased scatter.
v’ Reflects the challenges of gamma-ray variability detection and the distinct physical processes that
govern high-energy emission.
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Summary

m The examination of individual light curves shows differences in variability patterns, ranging from
sources with minimal flux variations to highly active objects showing high flaring behaviours.

m The variability analysis using multiple metrics reveals differences in observational techniques,
with VLBA observations consistently showing higher variability measures compared to single-dish
Effelsberg data as expected.

m Similarly, Fermi—LAT observations show variability amplitudes comparable to VLBA

measurements, suggesting that high-energy emission processes are more variable than the
extended radio emission detected by single-dish telescopes.

m The radio observations show stronger linear relationships than gamma-ray measurements.
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