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PUBLIC SUMMARY

= Daily Sun’s shadows on very high-energy galactic cosmic rays were observed for the first time using LHAASO.
m This work therefore proposes a novel method for monitoring the Sun-Earth IMF.

m Compared with the near-Earth spacecraft, the Sun’s shadow can provide 3.3-day earlier predictions for the IMF.
m The timing advance significantly deviated from the predictions of current IMF models.

m These findings may provide valuable insights into the IMF structure, thus improving space weather research.
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The interplanetary magnetic field (IMF) between the Sun and Earth is an
extension of the solar magnetic field carried by the solar wind into interplan-
etary space. Monitoring variations in the IMF upstream of the Earth would
provide very important information for the prediction of space weather ef-
fects, such as effects of solar storms and the solar wind, on human activity.
In this study, the IMF between the Sun and Earth was measured daily for the
first time using a cosmic-ray observatory. Cosmic rays mainly consist of
charged particles that are deflected as they pass through a magnetic field.
Therefore, the cosmic-ray Sun shadow, caused by high-energy charged cos-
mic rays blocked by the Sun and deflected by the magnetic field, can be used
to explore the transverse IMF between the Sun and Earth. By employing the
powerful kilometer-square array at the Large High Altitude Air Shower Obser-
vatory, the cosmic-ray Sun shadows were observed daily with high signifi-
cance for the first time. The displacement of the Sun shadow measured in
2021 correlates well with the transverse IMF component measured in situ
by spacecraft near the Earth, with a time lag of 3.31+0.12 days. The
displacement of the Sun shadow was also simulated using Parker’s classic
IMF model, yielding a time lag of 2.06 + 0.04 days. This deviation may pro-
vide valuable insights into the magnetic field structure, which can improve
space weather research.

INTRODUCTION

The Sun, our nearest star, is the main source of energy for living organisms on
Earth, and its activity continually affects our planet's environment. As human sci-
ence and technology advance, along with the increasing use of electronic and
space equipment, the impact of solar activity on human activity has steadily
grown. Therefore, monitoring solar activity and forecasting space weather are
important areas of scientific research.

Solar magnetic fields play a vital role in understanding diverse solar activities.
Since the first measurement of the solar magnetic field in 1908 using the Zee-
man effect,' the photospheric magnetic field at the Sun’s surface has been
continuously monitored by both space- and ground-based observatories.” The
coronal magnetic field (CMF) lies above the photosphere, and direct measure-
ment remains challenging, despite recent attempts using magnetoseismology.”
The CMF is carried into interplanetary space by the solar wind, forming the inter-
planetary magnetic field (IMF).* The IMF provides valuable information for study-
ing the CMF and is critical for understanding space weather and improving fore-
casting accuracy.>® Since the discovery of the solar wind in 1962, the IMF has
been monitored in situ by a series of spacecraft, with considerable monitoring
performed from the L; Lagrange point of gravitational balance between the
Sun and Earth.”

Although the ongoing Parker Solar Probe mission can fly from the IMF to the
CMF? at locations other than the Sun's surface and L; point, it remains chal-
lenging to continuously monitor the magnetic field in the vast space between
the Sun and Earth. Currently, the distribution of this magnetic field relies on theo-
retical models that extrapolate the photospheric magnetic field to the CMF (e.g.,
the classical potential field source surface [PFSS] model®'®) and extend the
outermost CMF to the IMF (e.g,, the classical and widely used Parker model®).
The distributions of the CMF and IMF can also be simulated using data-driven
models."'

Very-high-energy galactic cosmic rays, consisting mainly of positively charged
particles moving near the speed of light, can travel from the Sun to the Earth
within approximately 8 min. Their trajectories are affected by the magnetic field
along the Sun-Earth line. Therefore, when the cosmic-ray Sun shadow was de-
tected for the first time, it was proposed that the magnetic field between the

Sun and Earth could be studied through measurements of the Sun shadow.'”
[t was noted that as observational sensitivity increases, the cosmic-ray deficit ra-
tio of the Sun shadow was observed or proved to have a relationship with the so-
lar magnetic field, including the photospheric magnetic field,'*'® CMF and its
annual variations,'®'® and even coronal mass ejections (CMEs),* and it was
applied to diagnose different CMF models.'®"”

In addition, studies have observed®'?® and prove that the displacement
of the Sun shadow is also related to the IMF. Based on the annual timescale
displacement of the Sun shadow, the ARGO-YBJ collaboration measured the
structure and strength of the mean IMF near the sunspot minimum in Solar Cycle
24 for the first time.?* They also proposed the possibility of using Sun shadow
measurements for space weather forecasting, given the time advantage this
method offers over spacecraft at L;. However, this approach requires cosmic-
ray arrays with enough sensitivity to measure shadows daily.* In addition, the
ASy collaboration used annual Sun shadow data to correct the average strength
of the Parker model for the IMF near total Solar Cycle 23.2°

Owing to the limited observational sensitivity of the Sun shadows, researchers
have not yet been able to study finer structures in the magnetic field, particularly
during short periods.

d23—26

RESULTS AND DISCUSSION

The Large High Altitude Air Shower Observatory (LHAASO) is a composite
ground-based cosmic-ray detection facility located at 100.01°E, 29.35°N, and
an altitude of 4,410 m above sea level in Sichuan, China.””*® The 1.3 kilometer
square array (KM2A) is one of the main ground-based arrays in LHAASO, which
has a detection area of 1 to 2 orders of magnitude larger than those of the ARGO-
YBJ and ASy experiments. KM2A has been operating with a nearly full-duty cycle
since the beginning of 2020. In this study, only the data recorded in 2021 near the
sunspot minimum in Solar Cycle 25 were used. Owing to the location of the array
near the Tropic of Cancer, the Sun shadow could be observed significantly for
196 days from March 21 to October 2, with ~7 h observation on each day. During
this period, the pointing accuracy, angular resolution, and energy of the cosmic
rays measured by the array were stable according to the observation of the cos-
mic-ray Moon shadow.”® For monitoring the IMF, we selected events with 26—
251 fired electromagnetic particle detectors (EDs) in KM2A. The corresponding
median energy was ~40 TeV, and the angular resolution was 0.5°.

The Sun shadow was observed along the longitude and latitude in the geocen-
tric solar ecliptic (GSE) coordinate system. Figure 1A depicts the Sun shadows
observed during the 196 days of data collection, with a very high significance
exceeding 1000. Figure 1B displays the Sun shadow obtained from a single
day of data, which also demonstrates good significance exceeding 9c. The daily
Sun shadows are clearly deflected away from the direction of the Sun by the
magnetic field. The angular distance from the center of the shadow to the Sun
is defined as the daily displacement of the shadow. Details regarding the Sun
shadow analysis are presented in the materials and methods.

Daily IMF-B, measurement using Sun shadow

Cosmic rays traveling toward the Sun propagate approximately parallel to the
Sun-Earth line. In the GSE coordinate system, the x axis points toward the Sun,
the z axis is toward the north ecliptic pole, and the y axis is roughly opposite
Earth’s orbital motion. Positively charged cosmic rays are only affected by the
y and z components of the IMF in the GSE coordinate system, but not by
the x component. B, and B, cause displacement of the Sun shadow along the
north-south and west-east directions, respectively, according to the Lorentz force
law. However, the strength of B; is influenced not only by the IMF, but also by the
geomagnetic field, which has a complex effect on the west-east displacement of
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Figure 1. Observed significance map of Sun shadows by LHAASO for two timescales (A) Map for 196 days. The central circle of the contour map indicates a significance of —102.5¢,
and the step between the contour lines is 10a. (B) Map for a single day on May 26, 2021. The central circle of the contour map indicates a significance of —9.2¢, and the step between
the contour lines is 1o. The best-fit displacement of the Sun shadow shown as the red plus signis (— 0.16° +0.08°,0.52° + 0.08°). This displacement provides a measurement of the

transverse magnetic field along the Sun-Earth line.

the Sun shadow.?>?® Therefore, the dominant displacement of the Sun shadow
is in the north-south direction, caused by B,.>**°

The daily displacement of the Sun shadow along the north-south direction (de-
noted by D) and its variation can be monitored by LHAASO, as illustrated in Fig-
ure 2A, where only days with a significance exceeding 5o are shown. The number
of effective observation days for D reaches 177 (90% of the total days). The vari-
ation in daily D appears to be periodic in each 27-day Carrington rotation (i.e., so-
lar rotation), with the periodicity gradually changing throughout the Carrington
rotation. This allows LHAASO to directly test the specific correlation between D
and IMF-By, potentially enabling the use of D to measure daily B, for the first time.

The B, values used in our test are observational results at Ly from OMNI.° Fig-
ure 2B displays the daily B, values, representing the mean value of hourly B, mea-
surements within a 24-h period. The number of efficiently observed days for By is
181 (92% of the total observation period). As presented in Figures 2A and 2B, D
and B, exhibit similar trends over each Carrington rotation, with a possible time
lag between them.

To determine the correlation and time lag between D and By, we used the
discrete correlation function (DCF) method®' which considers the unevenly
sampled time series of D and By and their measurement errors. The time
lag bin width was set to 1 day, matching the time bins of D and By in
Figures 2A and 2B, and we considered time lags of up to 5 days. To achieve
higher precision in the time lag determination, the cadence was set to
0.0625 days based on the hourly B, measurement and a time lag sliding tech-
nique. The DCF coefficient and its error are shown in Figure 2C. The error of the
time lag was estimated using 10° random time series of D and B,,*” generated
based on a Gaussian probability distribution. The standard deviation of the dis-
tribution of time lags between the 10% random time series of D and B, was
taken as the error of the time lag.

For the entire dataset (labeled as “All"), we tested the correlation between
177 days of D data and 181 days of By data. D is most correlated with B, at
Ly when D precedes B, by 3.31+0.12 days, according to the maximum DCF
coefficient shown with blue markers in Figure 2C. The confidence level of
the maximum DCF coefficient was estimated using the Monte Carlo
method.>*** Specifically, we generated 10° random time series D by
randomizing both the phase and amplitude of the Fourier transform of
the observed time series D. The DCF was then applied to each random
time series D and the observed time series B,. The corresponding confi-
dence level of the maximum DCF coefficient exceeded 99.73% (corre-
sponding to 3c) with a two-sided p value of 0.0027, as indicated by the
dashed line in Figure 2C.

As depicted in Figure 3B, D remains correlated with By, after considering a time
lag of 3.31 days. The specific correlation is fitted using the following linear
formula:

B,(t) = (7.6 £0.6)nT/° x D(t — 3.31)+(0.2 + 0.1)nT. (Equation 1)

The corresponding correlation coefficient is 0.67. The functional form of this
formula is essentially the same as the change in position according to the
Newton-Lorentz equation. Following Equation 1, the daily B, at Ly can be esti-
mated directly based on D measured by LHAASO 3.31 days earlier. The B, esti-
mated by D reflects the effective IMF responsible for the cumulative deflection of
cosmic rays along the Sun-Earth line.

Figure 3A presents a comparison of the estimated B, derived from D with the
B, value obtained from OMNI. We performed a x2-test to compare these values.
The x? value is 155.8 at 159 degrees of freedom, and the corresponding proba-
bility is 0.56. All B estimates from D and OMNI fall within 3 standard deviations,
except for June 1 (3.1 standard deviations) and June 4 (3.3 standard deviations).
These results indicate that daily B, and its variations can be well estimated by
monitoring D of the Sun shadow 3.31 days earlier.

IMF model diagnosis from the time lag between D and B,
Based on the classic Parker model, the IMF in heliocentric spherical coordi-
nates can be expressed as follows:

r — b)sin 6..

2
B(r,6,4) = Br<b,a,¢o)(§) {a _ el =bsinde 1 (gquation 2)

14

where B, (b, 8, ¢q) is the outermost CMF at the boundary radius b and heliolon-
gitude ¢g. Beyond b, the IMF in the model is blown out by the radial solar wind
with velocity ». When the Sun rotates with angular velocity w, the streamline of
the magnetic field with azimuth ¢, at r=>b is given by £ — 1 — In(f) =
b (¢ — o).

To study the effect of the magnetic field predicted by the IMF model, an anti-
particle retraction method was adopted to simulate the Sun shadow. The details
of the simulation program are presented in the materials and methods. In the
Parker model calculation, the boundary radius b was set to 25 Rg, and
B/ (b, 8, $o) was extrapolated from the PFSS model® using a 9th-order spherical
harmonic expansion.®® Photospheric magnetograms named “mrngs” from the
Global Oscillation Network Group (GONG)®® served as an input. The calculated
IMF was modified by a factor of 5.7 according to the observed average daily
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Figure 2. Correlation between N-S displacement D
of the LHAASO Sun shadow and B, at L; from
OMNI with 3.31-day time lag. Daily variations of D
CR2248 and B, are shown in (A) and (B), respectively. The red
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: —) open crosses and blue open circles correspond to the
: {) SIR transit periods during interplanetary coronal mass ejections
ICME transit (ICMEs) and stream interaction regions (SIRs) tran-

sits, respectively. The error bar shows the statistical

error. The vertical dashed lines are the boundaries
between Carrington rotations (CRs). The correlation
coefficient of the discrete correlation function (DCF)
between D and By as a function of the time lag for
the “All" data sample (C) and the "without ICME and
SIR" data sample (D), respectively. The dots are the

discrete correlation coefficients and their error bar are
included. The dashed lines are the 3o confidence in-
tervals. The vertical lines show the time lag of

3.31+0.12 days for the "All" and 3.00 + 0.21 days for
the "without ICME and SIR" data sample.
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close to our measured results; however, a de-
viation still persists.

The magnetic field structures of CMEs can
disturb the IMF to form interplanetary CMEs
(ICMESs), which may lead to IMF deviations
from the Parker model. In addition, solar wind in-
teractions can disturb the IMF by generating
stream interaction regions (SIRs), which may
also lead to IMF deviations. To check for a
possible effect of CMEs and SIRs on the devia-
tion between the observed and simulated time
lag, a data sample without ICME and SIR transits
(labeled as “Without ICME+SIR") was segmented,
as depicted by the blue dots in Figures 2A and

{ Without
i ) 2B. We excluded ICMEs based on an updated

ICME+SIR

-0.2 \ 1 L L : h J -0.2 ~ 1
0 1 2 3 4 5 0 1

Time lag (day)

By at Ly from OMNIL. This scaling of magnetogram data used as the input to a
solar wind model is a standard practice in the heliophysics community.®” The
Sun'’s rotation period was ~25.4 days and the solar wind velocity » was obtained
from the daily average value from OMNI.

The IMF variations are transferred from the Sun to the Earth by the solar wind
at velocity ». Cosmic rays can record B, between the Sun and Earth through D of
the Sun shadow. Hence, the variation in By at Ly lags behind the variation in D.
Because D represents a cumulative effect of B, that spreads from the Sun to
the Earth, the specific time lag value depends on the distribution of B, along
the Sun-Earth line. Therefore, the time lag between D and B, at L; provides an
opportunity to test the IMF models. Based on the Parker model, the average
simulated time lag for the entire dataset is 2.06 + 0.04 days. This simulated result
reproduces the phenomenon that D leads By in the observations. However, a de-
viation between the simulated and observed time lags exists. This suggests a
more complicated spiral structure of the IMF than that depicted by the
Parker model.

One possible solution to address this deviation between the simulated and
observed time lag is to add a steady, azimuthal IMF component, B, (b), at the
CMF boundary b to the Parker model, as proposed by Smith and Bieber.*®
This modified model has been used to explain the deviation of the spiral
structure from the Parker model*® and even to calculate such a deviation
to interpret recent Parker Solar Probe results.>® During the observation

time of LHAASO, the additional azimuthal IMF component By(b)= —
0.002 B;Eg;”, which corresponds to a “gardenhose” angle of the spiral that is
~3.6° larger than that predicted by the Parker model at Ly. Here, »(b) repre-

2

Time lag (day)

3 4 5 catalog™®® and excluded SIRs based on coronal
hole information*' and an identified method,*?
as shown in Figures 2A and 2B. The ICME transit
of the Sun shadow was counted from the occur-
rence of the CME until it stops disturbing B, at L;. Similarly, the SIR transit was
counted from the time when the coronal hole faces the Earth until the SIR stops
disturbing By at Ly. The ICME or SIR transit of By at Ly was counted from the time
when the ICME or SIR starts disturbing B, at Ly until it stops affecting B, at L;.

For the Without ICME+SIR data sample, we tested the correlation between
59-day D and 130-day B,. The observed time lag between D and B, at Ly was
3.00+0.21 days according to the maximum DCF coefficient, as indicated by
the blue markers in Figure 2D. The corresponding confidence level of the
maximum DCF coefficient exceeded 3o as shown by the dashed lines in Fig-
ure 2D. There was no significant difference in the observed time lag between
the All and Without ICME+SIR data samples. Therefore, the deviation between
the observed and simulated time lags was not due to CMEs and SIRs.

Other possible explanations for the deviation between the observed and simu-
lated time lags include systematic changes in the IMF*>** and disturbances with
timescales much shorter than the Carrington rotation.*>*” A more comprehen-
sive discussion about these possibilities is beyond the scope of this study, as
it focuses on long-term average time lag.

CONCLUSION AND OUTLOOK

Traveling almost at the speed of light, very-high-energy galactic cosmic rays
take only approximately 8 min to traverse the distance between the Sun and
Earth. This provides us with a useful method for exploring the magnetic field be-
tween the Sun and Earth. Based on the unprecedented monitoring of the daily
cosmic-ray Sun shadow by KM2A in LHAASO, we provided daily measurements
of the IMF between the Sun and Earth near the sunspot minimum period. For the
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Figure 3. Daily B, at L, as predicted by LHAASO and measured at L1 3.31 days later (A) The red full squares and the blue open circles are for LHAASO and OMNI data, respectively.
The error bar of LHAASO results is the statistical error, which includes the error from the D and the fitting error from Equation 1. The error bar of OMNI results is the root mean-squared
value. The vertical dashed lines are the boundaries between CRs. (B) Scatterplot of D and By at L1 from OMNI after shifting for the time lag with the "All" data sample, and their
correlation coefficient (CC). The error bars of D indicate the statistical errors. The error bars of B, is the root mean squared value. The dashed line is the best-fit linear formula for the B,

measurement by LHAASO.

first time, we made it possible for the Sun shadow to achieve an accurate mea-
surement of the transverse magnetic field along the entire Sun-Earth line. Using
this measurement, the IMF component along the GSE y-direction near the
Earth was deduced to be 3.3 £ 0.12 days ahead of the measurement by space-
craftat L.

With a measured 3.31 + 0.12-day time lag, we also tested the classic Parker
model of the IMF. We found that the measured lag significantly deviates from
the model's prediction of 2.06 + 0.04 days, indicating the need for refinements
to the IMF model. This measurement not only provides a new method for moni-
toring the IMF and diagnosing existing models but also drives the development
of more accurate IMF models.**>%%“¢ This advancement will contribute to
improved understanding of the propagation and forecasting of solar activity
events, which can be helpful for research on space weather effects that impact
human activities.

Moreover, the observed time lag implies that the Sun shadow has the potential
for predicting the IMF arrival on Earth. Future research will explore the possibility
of Sun shadow forecasting of the IMF component along the z axis (north-south
direction) when the geomagnetic field effect is excluded. Even the possibility of
forecasting a specific solar activity event, such as CMEs and SIRs, holds promise
for further increasing space weather forecasting capabilities.

MATERIALS AND METHODS
KM2A experiment

The KM2A, a component of LHAASO, consists of 5216 EDs with 15 m spacing and 1,188
muon detectors with 30 m spacing, covering an area of 1.3 km?. EDs are designed to detect
showers from cosmic-ray ions and gamma rays*” with determining their directions and en-
ergies. The 3/4 array has been operating since December 1, 2020, and the full array since
July 19, 2021. During this period, the pointing accuracy, angular resolution, and energy of
the cosmic rays measured by the array were stable, based on observations of the cos-
mic-ray Moon shadow.””

Signal and displacement analysis of Sun shadow

The Sun shadow was analyzed on a sky map with 0.025° x0.025° grid spacing along the
longitude and latitude in the GSE coordinate system. The background was estimated using
the equal zenith angle method.*° Specifically, there was one on-source window centered
around the Sun and 20 off-source windows aligned at the same zenith angle to cover all
azimuthal angles. In each grid cell of the on-source window, the background events were
estimated according to the number of cosmic rays at the same grid points in the 20 off-
source windows. Combined with the data selection described in the results and discussion,
we collected 1.1 billion cosmic-ray events in on- and off-source windows in the data sample.
The energy of these events was obtained from the energy distribution of the simulated pri-

mary cosmic rays. The median energy was ~40 TeV, with a 68% interval between 22 and
107 TeV. The angular resolution containing 68% of the events was 0.5°.

The signal events were extracted using a smoothing procedure with Gaussian weighting,
and the corresponding significance was estimated using the Li and Ma formula (see Equa-
tion 2.5in Nan and Chen®"). The significance of the Sun shadow varies with the day, with an
average daily significance reaching 8.4c, ranging from 5¢ to 13.8c. The displacement of the
Sun shadow was estimated by a likelihood ratio test between the one-source model and
background-only model,”” with the displacement of the Sun shadow along the west-east
and north-south directions as free parameters.

Monte Carlo simulation of Sun shadow

For the Monte Carlo simulations of KM2A detection of cosmic-ray showers, the cosmic-
ray primary chemical composition and energy spectrum were specified according to the
model of Gaisser et al.>® The cascade processes induced by the cosmic-ray interactions
within the atmosphere and the response of the detector were simulated by the
CORSIKA®* and G4KM2A%**° codes, respectively. Then, the primary cosmic-ray properties
were reconstructed and selected using the same methods and conditions as in the basic
observation®' and in this work.

During the Sun shadow simulation, the Sun was tracked in real time. Above the at-
mosphere, an average of 1.27x107 particles with opposite charge to the primary
cosmic rays were isotropically thrown back around the Sun's direction within a win-
dow of 10° x 10°. The simulation included magnetic fields along the Sun-Earth line
and was performed on each day of data collection. The paths of the particles along
the Sun-Earth line were tracked according to the changes in momentum and position
following the Newton-Lorentz equation. In addition to the IMF, the CMF and geomag-
netic field were considered in the Sun shadow simulation (the CMF has been
described previously). The geomagnetic field calculation followed the International
Geomagnetic Reference Field-13 (IGRF-13),°° in which 13 (2) orders of spherical har-
monic expansion were used for fields below (above) 600 km from the Earth’s surface.
When a particle hits the Sun, it is counted as a Sun shadow signal coming from oppo-
site to the initial throwing direction. Finally, the initial throwing directions were
smeared using the KM2A angular resolution.'®°”
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