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The interplanetary magnetic field (IMF) between the Sun and the Earth induces the displacement
of the cosmic-ray Sun shadow from the optical position. Previously, the average IMF has been
measured by the ARGO-YBJ and the Tibet-ASy experiments through several years of data.
With the improvement of the sensitivity, the first pool of WCDA in LHAASO, which has been
operated since April 2019, and has observed the Sun shadow with significance exceeds 70 standard
deviation. Using the data collected by WCDA from July 26 to August 22, 2019, we measured the
displacements of Sun shadow at the energy of 6.4TeV every two or three days. Combining with the
simulation of Sun shadow, the IMF is measured and is comparable with the satellite observations.
This is the first time to measure the IMF using Sun shadow in a short period, and the expectation

for space weather forecast is discussed.
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Sun shadow with LHAASO

1. Introduction

The photosphere magnetic field of the Sun is blown out by the solar wind and reaches the
interplanetary space, forming the interplanetary magnetic fieldIMF)[1]. It is very wide from
several solar radii to the Earth (about 250 solar radii), which makes the regular measurement of
IMF very complicated. When the solar magnetic field is stable, the coronal hole will emit high-
speed solar wind, and the coronal hole high-speed flow will be formed in interplanetary[2]; In
addition to the stable magnetic activity cycle, in the Sun’s explosive period, the coronal ejections of
matter into the interplanetary space[3]. At present, there is no direct observation method for these
magnetic fields and their variation, usually using satellites, such as SOHO\LASCO. Some of these
two activities reach the Earth, form geomagnetic storms and affect human life. Therefore, it is very
important to measure and forecast them more.

Cosmic rays originating outside the solar system usually arrive at the Earth nearly isotropically.
In the process, they may be blocked by the Sun or the Moon and casts a shadow on the sky map.
The main component of the cosmic rays is the positive charged nuclei. Before they travels in the
universe before arriving at the Earth, they are deflected by the Lorentz force and became probes of
the magnetic field. Therefore, the shadows can be used to measure the whole solar-terrestrial space
magnetic field and its variation[4].

In the past 30 years, Sun shadow has been observed by many experiments, such CYGNUS,
Tibet-ASy, Milagro, ARGO-YBJ, HAWC, IceCube, etc. In addition to the study of the solar
magnetic field and its activities researched by Tibet-ASy[5][6][7], the study of the interplanetary
magnetic field has also become a challenge for many Sun shadow observation experiments. In 2000,
Tibet-ASy observed and simulated the Sun shadow in solar cycle 22, and found the relationship
between the displacements of the Sun shadow along the south or north direction and the two fan-
shaped structures “away" or “toward" of the IMF[8]. In 2011, ARGO-YBJ experiment measured
the y-component of the IMF in solar cycle 23-24 through the displacement of Sun shadow along the
south or north direction and found that the IMF observed by the Sun shadow was 1.6 days ahead of
that observed by the satellite, which has a potential forecasting capability for magnetic storms due
to explosive solar activity[9]. But it is limited by their observation sensitivity. In 2018, Tibet-ASy
also quantitatively measured the average IMF in solar cycle 23 through further comparison between
the Sun shadow data and the simulation[ 10]. In 2019, Tibet-AS+y also proposed for the first time to
estimate the average z-component of the IMF by using the east-west shift of the Sun shadow, which
is related to the generation of geomagnetic storms[11].

According to the research above, due to the limitation of sensitivity, the IMF that originally
changed with the solar magnetic field all the time can only be measured by its mean value or changes
by the annual level data. The Large High Altitude Air Shower Observatory (LHAASO) is a new-
generation complex EAS array being constructed at Daocheng, Sichuan province, China (100.01°E,
29.35°N). The first pool of Water Cherenkov Detector Array (WCDA-1) is one of the main detector
arrays in LHAASO to survey transient phenomena and discovering new sources[12] and has been
operated since April 2019. Recently, Crab, as standard candlelight has been observed[13], and
Moon shadow has monthly significance up to 13-22¢°[14]. In this work, we will measure the IMF
by combining the data with the simulation of Sun shadow of WCDA-1. The expectation of space
weather forecast for solar activities will also be discussed.
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2. Experiment and data analysis

WCDA-1 is a square pond of 150mx150m consisting of 900 detector units. At the bottom of
each detection unit, there is an 8-inch photomultiplier tube to measure the Cherenkov light produced
by cosmic ray secondary particles in water. By recording the arrival time, total charge and so on,
we can get the information of the primary cosmic ray particles. WCDA-1 has been successfully
operated since April 2019. For these collected data, we use the off-line characteristic plane, the
centre-of-gravity, and fitting the shower plane formed by secondary particles with a cone methods
to calibrate the arrival time, core position of secondary particles and the direction of the primary
event. At the same time, the number of fire detection units after filtering out the noise is recorded,
as N fit. More details about the detector, calibration and reconstruction can be found in [15][16].

To use the best data to observe the IMF, we selected the data: (1)The noise data caused by other
calibration and the data of detection unit not working are excluded; (2)Good agreement between
experimental data and simulation data:N fitr : 100 — 800; (3)The distance between the sun and the
moon is required to more than 5° to remove the overlapping effects; (4)The complete time range
in which highly significant solar shadow can be observed: July 26 to August 22, 2019 (CR2220);
(5)Zenith angle less than 50°.
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Figure 1: Significant map of Sun shadow at different carrington longitudes. E=6.2TeV

For the Sun shadow of CR2220, the data set is divided into 12 groups on average according to
the carrington longitude. For each data set, the 20° x 20° sky map in celestial coordinates (right
ascension RA and declination Dec.) is built with 0.1? x 0.1 bin size. Fixing the (0, 0) of the map
at the center of the Sun, the number of the observed events in each bin is recorded to the N,,,. The
corresponding background in each bin is estimated by the direct integral method which is used[16]
where we called it Np. The background events are subtracted from the total observed events to
obtain the signal events Ny. Then we calculated the statistical significance of these signals by the
Li&Ma’s formula(9)[17]. With taking into account the array angular resolution(Rsmooth), the
significance maps for different data set are shown in Figure 1.

The displacement of the Sun shadow in the north-south direction is obtained by 1D projection
of the sky map of the signal events Ny. Gaussian fitting is used to get the peak position of the
distribution, namely mean value and it’s error. The displacements of the Sun shadow in the north-
south direction and it’s error at different carrington longitudes is summarized in Figure 2. With the
same method, we get that the pointing accuracy of the detector by the observing Moon Shadow along
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the north and south direction is —0.01¢ + 0.01°, which the degree of accuracy of the deflections of

the Sun shadow shown in Figure 2, and that the angular resolution is 0.56°.
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Figure 2: The displacements of the Sun shadow in the north-south direction at different carrington longitudes. The small black dots

represent the result obtained from the linear interpolation of the fitting results of 12 data samples.

3. MC simulation

The cosmic ray simulation data, including H, He, C-N-O, Mg-Al-Si, and Fe, is generated

by the air shower simulation software CORSIKA(v75000) and the detector response software
G4WCDA[18]. The energy range is from 100GeV to 1PeV and the zenith angle range is from 0°
to 60° for the simulation for the Sun shadow. Also, using the selection conditions of experimental

data, we get the information of cosmic rays that can be observed by experiments, including the

composition, primary energy, and the number of events, as shown in Figure 3.
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Figure 3: Energy distribution of cosmic rays with different components.

The simulation of Sun shadow outside the atmosphere includes the simulation of the signal

and the background. The background simulation of the Sun shadow is divided into two steps. First,

we get the number of background N and its distribution with declination at the Sun’s position
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from the experimental data of Sun shadow. Second, according to the principle of direct integration
method and using the cosmic ray information in Figure 3, we simulated the background by the back
forward method[19]. When the B=0, we record the position of the particles in the sky map and
get the background map of the Sun shadow. By using the same method, considering the influence
of magnetic fields, if the particles hit the Sun, we record the position of the missing “Sun shadow
events" and obtained the Ny map. Finally, we sample the Gaussian distribution of Ny in each bin to
simulate the effect of angular resolution which is due to the detector response.

In this simulation process, the solar-terrestrial space magnetic field, including coronal magnetic
field, IMF, and geomagnetic field, needs to be calculated accurately. For the coronal magnetic field,
we use the photosphere magnetograms from GONG[20], and the magnetic field extrapolation model
is the Potential Field Source Surface (PFSS)[21], where the source surface (Rss)=2.5Rs. And the
order of spherical harmonics expansion n is set to 9. For the IMF, we use the modified Parker’s
model where is used in ARGO-YBJ’s paper[9]:
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where the w is the angular velocity of the sun, approximately equal to 2.7 + 10™%rad/s. And
the v and r are the radial component of the solar wind velocity where we used comes from OMNI
observation and the distance to the Sun, respectively. By and function f(¢, — ¢) are the magnitude
of the magnetic field at R, and it’s variation with carrington longitude which we have observed
by Sun shadow in Figure 2. ¢ is a shift of the carrington longitute ¢,, taking into account the
cumulative and average effect of the IMF magnetic field measured by cosmic rays. By and ¢ are
the two parameters that can be estimated with our data. We use the international geomagnetic
reference field-12[22] to describing the GMF. When By = 0.1Gauss and ¢ = 0, we have carried out
the preliminary simulation and compared it with the observation, as shown in Figure 4.
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Figure 4: The observed and the simulated significance map of the Sun shadow when the carrington longitude
equals 195°.
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4. Method of IMF measurement

We have observed the displacement of the Sun shadow along the north-south direction with the
change of carrington longitude, as shown in Figure 2, which represents the magnitude of the IMF at
the source surface and the spiral part of the magnetic field line caused by the solar wind and Sun’s
rotation at a certain carrington longitude. The observation of the Sun shadow is a cumulative and
average effect. In order to determine this unknown carrington longitude, ARGO-YBJ[9] introduced
parameter 6 and used parameter By to correct the magnitude of the IMF at the source surface.

The parameters ¢ and By are obtained by comparing the observed and simulated deflections of
Sun shadow along the north-south direction. In order to improve the simulation speed, five groups
of simulation data with 6 = 0, By from 0.05 to 0.25 Gauss, with an interval of 0.05, are calculated.
The simulation results and the experimental results in Figure 2 are summarized in Figure 5. The
best-fit values of § and By are planned to be obtained by minimizing a y> function for 12 carrington
longitudes bins:
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Figure 5: The observed and simulated displacements of the Sun shadow in the north-south direction at different carrington longitudes.
The color dots represent the simulated results for different By.
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where D represents the displacement value in Figure 5. And D for the certain ¢ and Bg can be
obtained by 2D linear interpolation.

5. Result and discussion

According to the fitting method in the previous part, we get the value of 6 = 44.98°+0.00°, By =
(0.20 + 0.00)Gauss. The value of y> = 4.25. And we measured the y-component of the IMF, as
shown in Figure 6.

From Figure 6, we can see that the results of the Sun shadow measurement are in good
agreement with those of the satellite measurement. In this work, the time of the IMF observed by
the Sun shadow is 3.4days(44.98°) ahead of the time of the IMF reaching the earth, or the time
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Figure 6: The y-components of the IMF measured by the LHAASO-WCDA-1 and the OMNI, respectively.

measured by satellite. This value is different from ARGO-YBJ’s result of 1.6 days ahead[9]. We
are still exploring the reason. It may come from the difference of solar wind speed or the problem
of fitting. In addition, considering the actual observation, when the carrington longitude is equal
to 1959,225°, and 255, there is a fast flow from the coronal hole with a speed close to 700km/s
flowing to and passing through the Earth. Because we are not sure about the magnetic field of this
fast flow, we still insist on using Parker’s model in this work, and we observed the y-component of
the IMF at these three longitude positions. This may also be the reason why the time of Sun shadow
measurement calculated in this work is different from that measured in ARGO-YBJ.

6. Conclusion

Using the data from the LHAASO-WCDA-1, we measured the y-component of the IMF, and it
is in good agreement with the results from the satellite. From our work, the IMF will be measured
at Earth is 3.4 days ahead of that from the satellite. This result shows that we have a potential
forecasting capability for space weather. But the value of ahead of time we get is different from that
from ARGO-YBIJ[9], and we are looking for the reason. On the other hand, in CR2220, we also
measured the y-component of the IMF caused by the fast flow generated by the coronal hole. The
Z-component of the IMF is what we are concerned about, which is related to geomagnetic storms.
We have seen the y-component of the IMF in advance through the Sun shadow, in the future, we will
expect to be able to observe the Z-component of the IMF and forecast geomagnetic storm activity.
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