Observations of the Sun using LOFAR Baldy station
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Abstract

We report first results of solar spectroscopic observations carried out with the
Baldy LOFAR (LOw-Frequency ARray) station, Poland from October 2016 to
July 2017. During this time, we observed different types of radio emission, a
type I and III radio bursts. Our observations show that the station is fully
operational and it is capable to work efficiently in the single station mode for
solar observations. Furthermore, in this paper we will briefly describe the ob-
servational technique and instrument capabilities and show some examples of

first observations.
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1. Introduction

The LOFAR science program is very broad and it is organized in five “Key
Science Projects” (KSPs). They cover early Universe research, pulsars, as-
troparticle physics, magnetic fields in the Universe, solar physics, space weather
and sky surveys [I]. Research shows that LOFAR will also be suitable to study

Jupiter-like planets and active moons [2].
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In this paper we will focus on the first solar observations from the LOFAR

station in Baldy (Poland).

2. Radio bursts

A large number of radio bursts were observed between October 2016 and
July 2017 using LOFAR station in Baldy, including type I and III radio bursts.

These radio bursts are described in the following subsections.

2.1. Type I bursts

Type I radio noise storms consist of countless numerous narrowband bursts
(with duration of about a second or less) over a broadband, slowly varying
continuum ranging from 60 to 400 MHz. The storms can last from hours to days
and they accompany complex active regions. The radiation of type I bursts is not
associated with solar flares but appears to be related with the active regions with
complex configuration of its photospheric magnetic field. The research shows
that types I are generated by electrons accelerated to a few thermal energies by

an ongoing local energy release in closed coronal magnetic structures 3] 4} 5].

2.2. Type III radio bursts

Type III radio bursts are the most frequently occurring radio bursts in the
corona and they were first identified and classified by [6]. Type III bursts
are observed in the frequency range 10 kHz—1 GHz, that represents the area
between lower solar corona (at the higher frequencies) up to 1 AU (at kHz
frequencies). Type III radio bursts can occur in groups of several bursts, with
total duration of about few minutes or storms that can last for a day [3]. Type
ITT bursts are signatures of electron beams accelerated in the corona traveling
along the open or quasi open magnetic field lines. The majority of type III radio
bursts at low frequencies have a negative drift rate which indicates that they
are traveling away from the Sun. Their drift rate is given by —0.01f~18* (in
MHz/s) [7], where f is a frequency of observations in MHz. The negative sign

in the formula means that we observe a drift from high to low frequency. At



100 MHz, the middle of LOFAR frequency band, the drift rate is ~48 MHz/s.
[3] showed that the type III radio bursts are generated by electron beams moving
with velocities of 10 to 60 % of the light speed. These electron beams move up
in the solar corona along magnetic field lines stimulating the plasma oscillations
at the local plasma frequency [5]. The accelerated electron beams can therefore
generate type III bursts via the plasma emission mechanism. The electron
acceleration mechanism is most likely inducted by the magnetic reconnection

8.

3. The LOFAR telescope

LOFAR, the LOw-Frequency ARray (www.lofar.org) is a radio interferom-
eter comprising of 51 stations distributed throughout Europe. The LOFAR
“core” consists of 24 stations tightly packed within 2 km near Exloo, Nether-
lands. The innermost 6 core stations are on an “artificial island” with a diameter
of about 350 m called the Superterp. An additional 14 “remote” stations are
located outside the core at a distance of up to 90 km from the core. “Interna-
tional” stations are located in Germany (6 stations), Poland (3 stations), and
one station each in France, Ireland, Sweden, and UK. The baseline of the in-
terferometer extends from about 100 m up to 2000 km. This design provides
unprecedenced sub-arcsecond imaging capabilities at low frequencies. All the
LOFAR stations are connected by a broadband network with a data centre in
Groningen, Netherlands, where the correlator is located.

A single LOFAR station comprises of a phased array system and can op-
erate individually. It contains two fields of dipole antennas: LBA (Low Band
Antennas) and HBA (High Band Antennas) operating in the frequency range of
10-90 MHz and 110-240 MHz, respectively. Each type of station (from core
to international) has a different layout and number of LBA and HBA antennas.
Spatial resolution of one station is much worse than of the interferometer, beam
size of the order of 2 degree in HBA [I].

The Baldy station will focus on pulsars and solar observations when used



in local mode [9, [T0]. This type of observations does not require high spatial
resolution and high sensitivity. The main advantage for these observations is

the wide frequency range and high time resolution of LOFAR.

4. Receiver system for Baldy LOFAR station

The LOFAR field consists of 96 LBAs and 96 HBAs (Fig. [I). Each LBA
antenna is composed of pair of perpendicular dipoles and each component of
the HBA antennas is a system of 16 pairs of dipoles forming one element called
tile. The signals of all dipoles in the tile is summed up to form output. The
signal from both types of antennas is sent via coaxial cables (X and Y po-
larization) with the proper delay to back-ends located in a special container.
Combined and digitized information is ready to be used after being processed
in the container. Depending on the type of observation, data is sent to the
correlator (international mode) or to locally used computers in single station
observations.

The array of antennas is fixed in position and there is no mechanical beam
steering [I1]. LOFAR LBAs in particular are able to see the entire sky, how-
ever their sensitivity decreases significantly below 30 degrees elevation. Using
the antenna system as a phase arrayed telescope allows to digitally select the
direction of the observation.

For solar research we use a special observational method called “mode 3577,
that allows observations in the entire frequency range of LOFAR telescope using
both LBA and HBA simultaneously (more details in [12]). Mode 357 divides

the frequency band into three parts:

e low band 10—-90 MHz we selected 200 subbands (54 - 452 with spacing of
2) centered at 10.55 to 88.28 MHz with spacing of 0.39 MHz and time

resolution equal 1 second,

e high band 110—-190 MHz we selected 200 subbands (54 —452 with spacing
of 2) centered at 110.55 to 188.28 MHz with spacing of 0.39 MHz and time

resolution equal 1 second,



e highest band 210250 MHz we selected 88 subbands (54 —228 with spacing
of 2) centered at 210.55 to 244.53 MHz with spacing of 0.39 MHz and time

resolution equal 1 second.

A small amount of data (beamlet statistics) is recorded at the Local Com-
puting Unit located at the station in Baldy but the main data string is recorded

at the data center in the University of Warmia and Mazury in Olsztyn.

5. Solar observations by LOFAR

Solar radio observations are usually carried out at a broad range of wave-
lengths from microwaves (f > 3 GHz), up to dekameter waves (f < 30 MHz)
[B]. There are five main types of solar radio bursts, from type I up to type V
[6, 13| 14}, 15, [16]. In the frequency range covered by LOFAR, we can observe
all these bursts. Additionally, the LOFAR frequency range (10—240 MHz) ap-
proximately corresponds to a radial distance between 1 and 3 solar radii in the
corona [17].

The LOFAR telescope can provide images of the Sun in interferometric mode
[18] and dynamic spectra of the Sun in beam formed mode. Solar images require
the use of core and remote stations to achieve spatial resolution of ~1 arcmin.
Dynamic spectra can be obtained by a single station or a combination of LOFAR
core stations. Observations of radio bursts require images over a broad frequency
range in order to study location of the sources of the radio emission and their
propagation. It is necessary to coordinate LOFAR solar observation campaigns
with other ground and space based instruments for multi-wavelength studies
[10].

The solar and space weather KSP (Key Science Project) covers studies of
solar activity and the Sun’s influence on interplanetary space. For this purpose,
images, dynamic spectra and measurements of interplanetary scintillation are
taken [19]. The first interferometric solar observations with LOFAR telescope
which were a part of commissioning phase of instrument were performed on

17 March 2011, in frequency range 115—-162.5 MHz. During this observation,



a weak radio burst was registered [19]. [20] presented the first tied-array beam
solar observations with the LOFAR in which images were shown simultaneously
with their corresponding dynamic spectra. Type III bursts were observed during
the commissioning phase on 28 February 2013. Using one of LOFAR beam
formed modes (tied-array beams), high-time and frequency resolution (83 ms,
12.5 kHz) dynamic spectra have been recorded at 126 spatial locations sampling

the Sun (for more details see [20]).

6. Solar observations with Baldy PL612 station

Batdy LOFAR station is used for interferometric observations for the Inter-
national LOFAR Telescope (ILT) mode and also for local mode observations.
One of the main objectives for the station in local mode are spectroscopic solar
observations to obtain dynamic spectra of Sun.

From October 2016 up to January 2017, we have been performing test solar
observations. The goal was to understand how the station works, how it can be
controlled, how to receive dynamic spectra of the Sun etc. In February 2017,
we started the regular solar monitoring in local mode. These observations were
performed every Friday and Sunday, when the station became available for local
projects. On Saturdays, other observations are also carried out, but if there is a
high probability of occurrence of solar flares, then solar observations are carried
out during all three days.

Between October 2016 and July 2017 we have observed five radio events
that included type I and III radio bursts. The low number of observed radio
bursts is due to the observation time in local mode being limited to two days per
week and the Sun entering solar minimum (forecasts indicate that a minimum of
solar activity will be at 2020). Therefore, the amount of observed radio events is
currently very low. The temporal and frequency resolutions of all observations
presented in this paper are 1 s and 0.39 MHz, respectively.

The observations consist of time-frequency-intensity data which can be pre-

sented as dynamic spectra. Signal processing from individual dipoles consist in



that the raw data stream, sampled with 5 ns/200 MHz clock is passing throught
a Polyphase Filter Bank, where the process of beam-forming take place. For
8-bit mode the system is ready to create up to 488 beamlets. Each one is cov-
ering 0.19553 MHz. During the creation of dynamic spectra each channel is
normalized to median value independently [I].

Radio frequency interference (RFI) was also present in our observations and
these interference channels were removed. After these processing steps, we ob-

serve very clearly radio bursts in dynamic spectra originating in the solar corona.

7. Description of the observed events

In this section we present first results of solar spectroscopic observations
carried out between October 2016 and July 2017 with Baldy LOFAR station.
At that time period we registered type I and III radio bursts. This events
occurred on 22 January 2017, 14, 16, and 21 July 2017.

7.1. Type I noise storm recorded on 22 January 2017

The first observations of type I noise storm ware on 22 January 2017 between
10:02:16 —12:02:15 UT in the frequency band 110.55-173.05 MHz (Fig. . The
event lasted for approximately 120 minutes. The RFI and possibly reflections
from the container are present in the dynamic spectrum as the Sun was very
low over the horizon at this day (around 13 degrees above the horizon at noon).
The RFI and reflections simultaneous with the noise storm can be seen as four
horizontal red areas that occur between 10:41 UT and 10:59 UT. On the bot-
tom panel of Fig. [ radio flux at 139.84 MHz, extracted from the dynamic
spectrum (upper panel) is presented. Figure|3|shows that the duration of struc-
tures marked “a”, “b” and “c”, is between 7 up to 14 seconds. Estimating
the temporal width of the event is difficult, due to low temporal resolution (1
second).

In Fig. @] we present 200-seconds long fragment from 22 January 2017 event.

We can see in more detail the fine structure of the type I storm. The duration



of chains shown on the Fig. [f] is between 9 up to 29 s. This is a typical value
for type I radio bursts [21].

During this noise storm no other significant events at other wavelengths were
reported. Four active regions were observed on the Sun (NOAA 12625, 12626,
12627 and 12628) on 22 January 2017 and it is very probable that the noise storm
accompanied one of these active region. Noise storms generally occur some days
after the first appearance of active regions in the solar photosphere and when
the regions become large and complex and are not necessarily correlated with

solar flares or other events [3].

7.2. Type I radio bursts recorded on 14 July 2017

The type I radio bursts were recorded on 14 July 2017 in the high frequency
band from 110.55 MHz up to 243.75 MHz (Fig. . We are not able to determine
the beginning of the event because it had started before the beginning of our
observations at 10:03:28 UT. The radio emission ended around 13:31 UT. In
Fig. [6] we present 300-seconds long fragment from the event. We can see in
more detail the fine structure of this event. The duration of chains shown on
the Fig.[0]is between 5 up to 37 s. This is a typical value for type I radio bursts
[21]. The chains have similar characteristics as the ones from 22 January 2017.

Similarly to the radio emission on 22 January 2017, during this radio event
there were no significant events at other wavelengths observed. Two active re-
gions were observed that day on the Sun (NOAA 12665 and 12666) and we
believe that the radio burst were associated with one of these active region. In
the low band (10.55-88.28 MHz) we also have noticed the presence of iono-

spheric scintillations in the same spectra (for more informations see e.g. [I1]).

7.8. Type III radio bursts observed on 16 July 2017

The groups of the type III radio bursts were recorded on 16 July 2017 in the
high frequency band from 110.55 MHz up to 243.75 MHz (Figs. [7| and . We
are not able to determine the beginning of this radio event because it started

before the beginning of our observations at 09:03:30 UT. The radio event ended



around 12:43 UT. During this event, the GOES satellite registered two C-class
flares. The first one is GOES C1.3 flare which originated from the NOAA 12665
active region. Flare started at 10:32 UT, reached the maximum at 10:35 UT
and ended at 10:37 UT. The second flare, GOES C1.5 originated from the same
active region NOAA 12665. It started at 10:53 UT, reached the maximum at
10:57 UT and ended at 10:59 UT (Fig. [9).

7.4. Type I and III radio bursts recorded on 21 July 2017
The type I and III radio bursts were recorded during radio event on 21 July
2017 in the high frequency band from 110.55 MHz up to 188.28 MHz (Fig. .
Number of type III bursts was observed between around 10:10 UT and
10:19 UT, in frequency band from 110.55 MHz up to 188.28 MHz (Fig. .
These type IIls are accompanied by a type I noise storm which is observed from
beginning of observations up to around 13:27 UT. No significant events at other

wavelengths were observed to compare with other solar activity.

8. Conclusions

The first solar observations by the LOFAR station in Baldy were carried
out successfully on number of days during the year 2017. For the data analysis
we used software written by Derek McKay-Bukowski and Richard Fallows for
the KAIRA instrument [I2]. Unfortunately, up to this day, due to low solar
activity, a small number of observation days and short periods of observation,
we have managed to record five radio events. However, the first observations
in Baldy (presented in this paper) indicate that the LOFAR telescope is well
suited for solar research at low frequencies. We are convinced that the single

station observations will give a lot of interesting results soon.
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Figure 1: The LOFAR station in Baldy. Low Band Antennas field (right), High Band Antennas

field (left). Near the fence is a container (gray box) with electronics.
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Figure 2: Upper panel: solar dynamic spectrum of the type I noise storm recorded on 22 Jan-
uary 2017 between 10:02:16 —12:02:15 UT in frequency band 110.55—-173.05 MHz with LOFAR
Baldy station. Some reflections from the container (the Sun was very low over the horizon at
this day, around 13 degrees above the horizon at noon) are overlapping the noise storm, which
is visible on dynamic spectrum in the form of four red areas that occur between 10:41 UT
and 10:59 UT. Bottom panel: radio flux at frequency of 139.84 MHz extracted from dynamic

spectrum on the upper panel.
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Sun : 22 January 2017 (Baldy PL612)
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Figure 3: Radio flux recorded during the investigated radio event from 22 January 2017

between 11:18:56—11:22:16 UT in channel 139.84 MHz extracted from Fig. El We marked as

“a”, “b” and “c” the time periods where three local maxima occurred.
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Figure 4: Solar dynamic spectrum of the type I noise storm recorded on 22 January 2017

between 11:18:56—11:22:16 UT in frequency band 110.55—173.05 MHz.
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Figure 5: Solar dynamic spectrum of the type I radio burst recorded on 14 July 2017 between
10:03:28 -14:03:27 UT in the following frequency bands: 110.55-188.28 MHz and 210.55—
243.75 MHz, both HBA antennas.
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Figure 6: Solar dynamic spectrum of the type I radio burst recorded on 14 July 2017 between
11:01:48-11:06:48 UT in frequency band 110.55—188.28 MHz.
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Figure 7: Solar dynamic spectrum of the type III radio burst recorded on 16 July 2017
between 09:03:30—12:23:30 UT in the following frequency bands: 110.55—-188.28 MHz and
210.55—243.75 MHz, both HBA antennas.
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Figure 8: Solar dynamic spectrum of the type III radio event recorded on 16 July 2017
between 10:53:30—-11:16:50 UT in the following frequency bands: 110.55-188.28 MHz and
210.55-243.75 MHz, both HBA antennas.
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Figure 9: GOES X-ray flux recorded on 16 July 2017 between 9:46 —11:45 UT. We see here
two C-class flares. The first one is C1.3 and the second is C1.5 flares (see description in the

text). Source: http://www.polarlicht-vorhersage.de/goes_archive.
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Figure 10: Solar dynamic spectrum of the type I and III radio bursts recorded on 21 July
2017 between 09:03:28 -12:56:48 UT in frequency band 110.55—188.28 MHz.
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Figure 11: Solar dynamic spectra of the type I and III radio bursts recorded on 21 July 2017
between 10:06:48 —10:26:48 UT in frequency bands 110.55—188.28 MHz.
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