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We present the results on the analysis of scattering properties of the Galaxy, based on multi-
frequency (1.4—86 GHz) Very Long Baseline Interferometry (VLBI) data of active galactic
nuclei (AGN) over the entire sky, with the exception of the region of far southern latitudes of
the celestial sphere. The data of simultaneous observations at two frequencies, 2 and 8 GHz,
and non-simultaneous multi-frequency observations of the apparent AGN VLBI jet origin (the
core), allowed us to derive the characteristic value of the power-law index for the unscattered and
scattered sources. We constructed the first detailed sky distribution map of the radio emission
scattering power in the Galaxy and analyzed its properties. The scattered sizes of the cores are
found to be significantly larger within the Galactic plane |b| < 10°.
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1. Introduction

Due to the presence of interstellar ionized turbulent gas in our Galaxy, radio waves coming from
distant sources are subject to propagation effects. In this study, we consider diffraction dominated
scattering of radio emission coming from active galactic nuclei (AGN). The AGN are numerous,
uniformly distributed over the sky and compact enough. Thus, these sources are appropriate to
probe the scattering screens and their distribution in the interstellar medium of our Galaxy and to
study the effects of diffraction scattering on the observational characteristics of AGN [e.g., 1, 2].

The AGN VLBI core is a compact feature observed in the region where the jet stops being
opaque to synchrotron radiation, and its optical depth at a given frequency becomes 7, ~ 1. An
observed AGN core size scales with wavelength of observation as § o A, where k = 1 if the
radiation is not scattered [3, 4]. In the case of scattering, we consider two competing models of
scattering screens: (1) the Gaussian screen model [5, 6] predicts the measured angular size of a
distant source to be proportional to the wavelength with the power-law index k& = 2.0 [7, 8]; (2) the
model with a Kolmogorov power-law spectrum of electron density fluctuations [8—11]. In this case,
the power-law index is k = 2.2.

Using the highest to date number of experimental VLBI data from multi-frequency observations
of thousands of AGN, we investigate a large-scale distribution of scattering properties of the Galaxy.

2. AGN VLBI core measurements

Our analysis is based on the VLBI observations of AGN jets at eight frequencies ranging from
1.4 to 86 GHz compiled in the Astrogeo database!. For the purposes of our study, we use fully
calibrated sets of data in the spatial frequency domain. In total, we analyzed over 80 000 individual
observations of 14 483 sources observed from 1994 to 2020 with different VLBI arrays, including
the VLBA, EVN, LBA, and GMVA.

We apply the approach based on model-fitting of interferometric visibilities and describe
the source brightness distribution with two Gaussian components, representing the core and the
extended jet emission. The brightest component of the two is considered to be the radio core; if
the jet direction at a lower frequency is opposite to that at a higher frequency, we switch the two
components (see Plavin et al. 2022, ApJS, submitted, for the details). We exclude the measurements
if the core size uncertainty exceeds 50%. This criterion effectively filters out unresolved sources as
well.

3. Distribution map of scattering properties in the Galaxy

Using the data of geodetic VLBI observations performed simultaneously at 2 and 8 GHz we
derived angular sizes of the AGN cores at 2 and 8 GHz and estimated the power-law index &
from the frequency dependence qps o« v~ for 3405 sources over the sky. These data allowed us
to construct the first detailed distribution map of radio emission scattering power in the Galaxy
(Fig. 1). It shows that the scattering screens are concentrated in the Galactic plane (|b| < 10°) and
their distribution is highly inhomogeneous. The characteristic value of the power-law index k for
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Figure 1: Distribution map of the k index derived from the AGN core sizes simultaneously measured at
2 GHz and 8 GHz over the sky. The color of each pixel of the map reflects the average over 10° area value of
the k index at this location. The yellow color indicates the strong scattering regions, the black color points
to the regions where scattering is absence.

the sources seen outside the Galactic plane (|| > 10°) is k = 1.01 £ 0.01. This is consistent with
the theoretical prediction for the unscattered AGN cores with synchrotron self-absorption [3, 4].
For the sources observed through the Galactic plane, the obtained characteristic value of this index
is k =1.65+0.02.

The regions of the Galaxy characterized by strong scattering demonstrate a significant spatial
correlation with the locations of high He intensity radiation [12]. The strongest galactic scattering
regions include the Galactic Centre, the Cygnus region, Vela and Cassiopeia—A supernova remnants.
We also found an increase of the scattering strength outside the Galactic plane in the location of
Orion Nebula (M42).

4. Scattering index calculations using multi-frequency AGN data

‘We also considered the observed core size of AGN as a function of the intrinsic and scattered

. ) 2
sizes Qobs = Qim+9mt,

frequency observations of the AGN seen through the Galactic plane, we derived the characteristic

where Oine = Oint, 1 GHz * y~kint and Ogepr = Oscat, 1 GHz * y~kseat [13]. Using multi-

value of the scattering index kg, which corresponds to the best fit of the intrinsic iy, 1 gu, and
scattered Ogcar, oy, COre sizes at 1 GHz according to the equation for 6,,s mentioned above. Table 1
contains information about the datasets were used for fitting, the number of sources, and the results.
Fitting was performed with the power-law index ki, = 1, as it was determined earlier in Sec. 3 for
sources located outside the Galactic plane. The resulting value of the scattering index, derived from
different sets of multi-frequency data, ranges from 1.94f%'.%§ through 2.03’:8'. (1)2. These results are
consistent with both the Gaussian screen and Kolmogorov turbulence models. Detailed observations
of an individual scattering screens are required to determine which of the two scenarios prevails for

most directions in the Galaxy.
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Figure 2: Intrinsic (left) and scattered (right) AGN core sizes at | GHz depending on the absolute value of
the Galactic latitude. A triangle marker represents an individual source. The red line is the running median,
followed by the green shaded area that shows the standard deviation of the median.

Table 1: Scattering indices k., derived from different sets of the measured AGN core sizes at the Galactic
plane (|b] < 10°).

Dataset N kscat
) @ 3
All bands 215 1.94*500
2,5, 8 GHz 154 2.03*°
2, 8, 15 GHz 60 2.03*)93
2,58, 15GHz 35 1.95*01)

Columns are as follows: (1) frequency bands over which the datasets of the sources were selected
for fitting; (2) the number of the sources; (3) the scattering index value.

We used kgcyt = 1.94J:g'.8§ and set ki = 1 to fit the intrinsic and scattered core sizes at 1 GHz
(Bint, 1 GHz and Ogcar, 1 GHZ, respectively) for 1546 sources over the sky. The obtained median values
of the intrinsic and scattered sizes for the sources in the Galactic plane are 2.8 and 12.0 mas,
respectively, while the corresponding median values for the sources outside the Galactic plane are
2.3 and 4.4 mas, respectively. The running median (red line) in Fig. 2 (left panel) demonstrates that
the median intrinsic core sizes almost do not change as it approaches the Galactic plane, while the
median scattered core sizes do increase significantly (Fig. 2, right panel). This result confirms that
the scattering originates in the Galactic plane. Analyzing the distributions of the obtained intrinsic
and scattered core sizes at 1 GHz, we came to the conclusion that a large fraction, approximately
40%, of the AGN observed through the Galactic plane are not scattered.
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5. Conclusion

The power-law index for the unscattered AGN core is found to be £ = 1.01 £ 0.01. Scattering
screens are concentrated mainly in the Galactic plane and are not uniformly distributed over it.
Nearly 40% of the AGN observed through the Galactic plane are not scattered. The regions of

the Galaxy characterized by a high Ha radiation intensity show a significant spatial correlation

+0.08
4—0.07

2.03‘:8: })2. This agrees with both the Gaussian screen and Kolmogorov turbulence models.

with strong scattering regions. The power-law scattering index ke, ranges from 1.9 through

6. Acknowledgments

This research was supported by the Russian Science Foundation project 21-12-00241.

References

[1] J.M. Cordes, S. Ananthakrishnan and B. Dennison, Radio wave scattering in the galactic
disk, Nature 309 (1984) 689.

[2] A.B. Pushkarev and Y.Y. Kovalev, Milky Way scattering properties and intrinsic sizes of
active galactic nuclei cores probed by very long baseline interferometry surveys of compact
extragalactic radio sources, MNRAS 452 (2015) 4274 [1507.02459].

[3] R.D. Blandford and A. Konigl, Relativistic jets as compact radio sources., ApJ 232 (1979)
34.

[4] A. Konigl, Relativistic jets as X-ray and gamma-ray sources., ApJ 243 (1981) 700.

[5] H.G. Booker, J.A. Ratcliffe and D.H. Shinn, Diffraction from an Irregular Screen with
Applications to lonospheric Problems, Philosophical Transactions of the Royal Society of
London Series A 242 (1950) 579.

[6] J.A. Ratcliffe, Some Aspects of Diffraction Theory and their Application to the lonosphere,
Reports on Progress in Physics 19 (1956) 188.

[7] J. Goodman and R. Narayan, Slow pulsar scintillation and the spectrum of interstellar
electron density fluctuations, MNRAS 214 (1985) 519.

[8] J.M. Cordes, A. Pidwerbetsky and R.V.E. Lovelace, Refractive and Diffractive Scattering in
the Interstellar Medium, ApJ 310 (1986) 737.

[9] A. Kolmogorov, The local structure of turbulence in incompressible viscous fluid for very
large Reynolds numbers., Proceedings of the USSR Academy of Sciences (1941) 299.

[10] B.J. Rickett, Radio propagation through the turbulent interstellar plasma., ARA&A 28
(1990) 561.

[11] J.W. Armstrong, B.J. Rickett and S.R. Spangler, Electron Density Power Spectrum in the
Local Interstellar Medium, ApJ 443 (1995) 209.


https://doi.org/10.1038/309689a0
https://doi.org/10.1093/mnras/stv1539
https://arxiv.org/abs/1507.02459
https://doi.org/10.1086/157262
https://doi.org/10.1086/157262
https://doi.org/10.1086/158638
https://doi.org/10.1098/rsta.1950.0011
https://doi.org/10.1098/rsta.1950.0011
https://doi.org/10.1088/0034-4885/19/1/306
https://doi.org/10.1093/mnras/214.4.519
https://doi.org/10.1086/164728
https://doi.org/10.1146/annurev.aa.28.090190.003021
https://doi.org/10.1146/annurev.aa.28.090190.003021
https://doi.org/10.1086/175515

Tracing Milky Way scattering with extragalactic lighthouses T. A. Koryukova

[12] D.P. Finkbeiner, A Full-Sky Ha Template for Microwave Foreground Prediction, ApJS 146
(2003) 407 [astro-ph/0301558].

[13] T.J.W. Lazio, R. Ojha, A.L. Fey, L. Kedziora-Chudczer, J.M. Cordes, D.L. Jauncey et al.,
Angular Broadening of Intraday Variable AGNs. 1. Interstellar and Intergalactic Scattering,
ApJ 672 (2008) 115[0707.1778].


https://doi.org/10.1086/374411
https://doi.org/10.1086/374411
https://arxiv.org/abs/astro-ph/0301558
https://doi.org/10.1086/520572
https://arxiv.org/abs/0707.1778

	Introduction
	AGN VLBI core measurements
	Distribution map of scattering properties in the Galaxy
	Scattering index calculations using multi-frequency AGN data
	Conclusion
	Acknowledgments

