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ABSTRACT

The Full-disk magnetograph is a main scientific payload onboard the Advanced

Space based Solar Observatory (ASO-S/FMG) that through Stokes parameters’ ob-

servation to measures the vector magnetic field. The accuracy of magnetic-field val-

ues is an important aspect of checking the quality of the FMG magnetic-field mea-

surement. According to the design of the FMG, the linear calibration method under

the weak-field approximation is the preferred scheme for magnetic-field calibration.

However, the spacecraft orbital velocity can affect the position of observed spectral

lines, then result in a change of the polarization-signal strength. Thus, the magnetic

field is modulated by the orbit velocity of the spacecraft. In this article, through cross

calibration between FMG and HMI (Helioseismic and Magnetic Imager onboard the

Solar Dynamic Observatory), the effects of spacecraft orbital velocity on the coeffi-

cient of magnetic-field calibration are investigated. By comparing the magnetic field

of FMG and HMI with spacecraft orbital velocity as an auxiliary reference, the revised

linear-calibration coefficients that depend on spacecraft orbital velocity are obtained.

Magnetic field of FMG corrected by the revised calibration coefficients removing the

effect of spacecraft orbital velocity will be more accurate and suitable for scientific

research.

Subject headings: Solar Magnetic Field, Polarimetric Measurements, Radiative Transfer
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1. Introduction

The solar magnetic field provides an essential force that dominates solar activity. The

energy and mass released from solar activity, such as solar flares, filament eruptions, corona

mass eruptions and small-scale activity mostly originate from stored magnetic energy (Krall et

al., 1982; Shibata et al., 1995; Wang et al., 1994; Tsuneta, 1996; Forbes, 2000; Bond et al.,

2001; Priest & Forbes 2002; Nindos et al., 2012). The full-disk magnetograph onboard the

Advanced Space based Solar Observatory (ASO-S/FMG: Gan et al. , 2019; Deng et al., 2019)

measures magnetic fields on the solar photosphere, which would contribute to studies of solar

activity (Gan et al. , 2023). Fe i λ 5234.19 Å is chosen as a magnetic-sensitive line by FMG to

measure the photosphere magnetic field. FMG use a liquid-crystal variable retarder (LCVR) to

observe polarized Stokes images (I, Q, U, V), which are calibrated to yield the magnetic field on

the photosphere (Deng et al., 2019). During FMG operation, one or a few limited positions in the

range of the spectral line are fixed to observe Stokes parameters.

The magnetic-field calibration is a necessary and important process for producing reliable

magnetic fields, and magnetic-field calibration methods vary for different types of instruments.

A Stokes polarimeter has ability to measure the full spectra of Stokes parameters I, Q, U, V of a

spectral line, then an inversion method is applied to derive the magnetic field under reasonable

modes with other necessary thermal parameters. Since the full information of a spectral line

is used by the Stokes polarimeter, it can measure the magnetic fields with higher accuracy, but

lower temporal resolution than magnetograhp type instruments (Tsuneta et al., 2008; Ichimoto et

al., 2008). FMG obtain magnetograms at higher temporal resolutions than a spectragraph-base

magnetograph, hence magnetic fields with rapid evolution can be studied by FMG observations.

For FMG, very limited Stokes information (one spectral position is fixed in routine observation)

can be obtained, so the calibration of the magnetic field needs to be better and more carefully

implemented. The magnetic-field calibration method applied by FMG is linear calibration under
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the weak-field approximation (Jefferies et al., 1989; Jefferies & Mickey 1991).

BL = CLV, (1)

BT = CT(Q2 + U2)1/4, (2)

θ = arctan(BL/B⊥), (3)

ϕ = 1/2arctan(U/Q), (4)

where BL and BT are the line-of-sight (LOS) and transverse photosphere magnetic field,

respectively. θ is the inclination between the vector magnetic field and the direction normal to the

solar surface and ϕ is the magnetic-field azimuth. CL and CT are the calibration coefficients for the

LOS and transverse magnetic fields, respectively.

The calibration coefficients CL and CT are decisive parameters for the determination of

photosphere magnetic field, besides CL and CT are spectral-position related parameters (Unno

1956; Rachkovsky 1967; Landolfi & Landi DegĺInnocenti 1982). The ASO-S spacecraft run in a

Sun-synchronous orbit with an altitude of about 720 km, an orbital inclination angle of 98.27°,

and orbital period of about 99.2 mintes, which result in Sun–FMG radial velocity changes -3.9

to +3.9 km s−1. The maximum value of the radial velocity corresponds to a wavelength shift

from -0.07Å to +0.07Å , which results in the changes of the observed spectral position. As a

result, calibration coefficients CL and CT should be corrected at every moment in time based on

the velocity of the ASO-S spacecraft. Hence, to obtain and apply the calibration coefficients CL

and CT depending on the velocity of ASO-S spacecraft would improve the FMG magnetic-field

observation.

In this article, the longitudinal magnetic field of FMG and HMI are investigated and used to

calculate the calibration coefficients that related to spacecraft orbit velocity, with the purpose of

improving the accuracy and reliability of the FMG magnetic-field measurement. We present the

observations in Section 2; the methods and results analysis are given in Section 3; the discussions

and conclusions are included in Section 4.
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2. Observations

The FMG consists of the main elements of one birefringent Lyot filter (FWHM = 0.1 Å,

wavelength stabilization < 0.02Å) and two LCVR polarimeters to measure the magnetic field

using the spectral line Fe i λ5234.19 Å. The aperture of FMG is 14 cm and its effective focus

length is 5355.76 mm. The spatial resolution of magnetic field observed by FMG is about 1.5

arcsec, for full-disk images 4k×4k the spatial sampling is about 0.55 arcsec pixel. During routine

observation its temporal resolution about two minutes and longitudinal sensitivity 15 G. Stokes

Q, U, V are observed by various combinations of azimuth and retardation of two LCVRs (cf.

Table 1, Hou et al., 2020; Deng et al., 2019). Data processing includes dark field, flat field,

polarization bias, and geometry correction, then the polarization signals are calibrated to magnetic

field under the weak-field approximation (Su et al. 2019; Xu et al., 20021; Liu et al., 2008). The

active-region data are cut out from full-disk images based on external auxiliary time and position

information obtained from NOAA (www.solarmonitor.org/data/2023/04/01/meta/).

Helioseismic and Magnetic Imager is one of the instruments onboard Solar Dynamic

Observatory (SDO/HMI: Scherrer et al., , 2012; Schou et al., , 2012). HMI with a aperture of 14

cm and a 4k × 4k CCD observe full-disk magnetograms in the photospheric absorption line Fe i

centered at 6173.3 Å. The spatial resolution of HMI is about 0.9 arcsec while the pixel size is about

0.5 arcsec. The temporal resolutions is 45 seconds for the longitudinal magnetic field, while for

other observations there are different temporal resolutions (jsoc.stanford.edu/ajax/lookdata.html).

Stokes Q, U, V are observed at six fixed wavelength positions by HMI, then inversion algorithms

are applied to Stokes observations to deduce the photosphere magnetic field. In this article, the

longitudinal magnetic field of FMG and HMI with temporal resolution of 45 seconds are employed

to investigate the calibration of FMG, with the aim to correct the coefficient of FMG modulated

by and related to the spacecraft velocity. Figure 1 shows an example of an original FMG and

HMI longitudinal magnetic field observe at 04 April 2023 03:24 UT quasi-simultaneously. After

http://www.solarmonitor.org/data/2023/04/01/meta/
http://jsoc.stanford.edu/ajax/lookdata.html
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geometric correction using position information during the observation, these two longitudinal

magnetic-field signals have very good consistency, however there are still differences in the size

and spatial resolution for these two images.

3. Methods and Results

In order to compare calibration coefficients of FMG and HMI, firstly these two magnetic-field

images are co-aligned by adjusting the size and pixel resolution. Based on observational

information, especially coordinate information, the two magnetic field images are basically

aligned when they are converted to a heliospheric coordinate system. However, due to the exist of

various system errors, there may still be slight position deviations between the two magnetic-field

images of FMG and HMI. Therefore, an image-alignment method of a scale invariant feature

transform (SIFT: Lowe 1999) based on image features was adopted to co-align FMG and

HMI magnetic-field images. The three main steps of SIFT for image matching include: i) the

feature-point identification; ii) the feature-point matching; iii) determination of image-registration

parameters. Feature-point identification searching for rotation, scaling, and translation at different

image spatial scales of invariant feature points. Hence, SIFT is suitable to solve the image

rotation, affine transformations, intensity, and viewpoint changes in matching features. The SIFT

method has been successfully applied in solar image processing (Yang et al., 2018; Ji et al.,

2019). After co-alignment of the FMG and HMI magentic field, the calibration coefficients of

FMG corresponding to HMI can be obtained pixel-to-pixel on the solar surface directly. Figure 2

shows the full-disk distribution of the ratio of line-of-sight magnetic field between the FGM and

HMI for line-of-sight velocity vr = -1.9 m s−1 and vr = 323.9 m s−1, respectively. While Panels a

and b in Figure 3 show the enlarged images cut from Figure 2 indicated by a black rectangle to

investigate the distribution of coefficients of FMG comprising to HMI in detail, Panels c and d

in Figure 3 give the errors of these ratios correspond Panels a and b, respectively. From Figure 2
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Fig. 1.— The original FMG (le f t) and HMI (right) full-disk longitudinal magnetic field observed

04 April 2023 at 04:24 UT quasi-simultaneously.
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and 3, it is can be found that the distribution of ratio of line-of-sight magnetic field between the

FGM and HMI within the activity region is relatively flat and consistent, which can also be seen

from the errors of these ratios shown in Panels c and d in Figure 3, where the relative errors are

small in active regions. The fluctuation of these ratios in the quiet region is relatively large, as

some magnetic field with small value in the quiet region maybe close to the noise level. Hence,

the comparison of calibration coefficients between FMG and HMI is focused on active region,

to obtain the reliable results. In Figure 2, three small sub-regions with strong magnetic field

labeled 1, 2, and 3 are chosen to investigate the ratio of line-of-sight magnetic field between FGM

and HMI. A series of full-disk images co-aligned by SIFT, the same as Figure 2 are rotated to

a reference time, and the sub-regions are cut out from full-disk images by their pixel positions,

then the median values of ratio of line-of-sight magnetic field between the FGM and HMI for

these series of sub-regions, which can indicate the effective values of these ratios on the whole,

are calculated. Figure 4 a shows the ratio of line-of-sight magnetic field between the FGM and

HMI of these time series for sub-regions 1, 2, and 3, and vr with the unit of m s−1 (line-of-sight

component of spacecraft velocity) is plotted as an additional left y-axis to investigate the relations

between calibration coefficients and the spacecraft velocity. Here the mean of errors of these

ratios for sub-regions are calculated and labeled δR, with the values of δR=0.118, 0.158, and 0.064

for sub-regions of 1, 2, and 3, respectively. Figure 4 b, c, and d show the scatter plots of ratio of

line-of-sight magnetic field between the FGM and HMI vs. vr for sub-regions 1, 2, and 3 labeled.

It can be found that the ratios of line-of-sight magnetic field between the FGM and HMI have a

consistent trend with the longitudinal velocity of the spacecraft, and the monotonicity of the ratio

and spacecraft longitudinal velocity can also be clearly seen from b, c, and d. It means that the

spacecraft longitudinal velocity regularly modulates the magnetic-field calibration coefficient due

to the shift of position of the observed spectral line by Doppler effect resulting from spacecraft

velocity.

The reliability of the ratio of line-of-sight magnetic field by pixel-to-pixel comparison of
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Fig. 2.— The distribution of the ratios of line-of-sight magnetic field between the FGM and HMI

for vr = -1.9 m s−1 (le f t) and vr = 323.9 m s−1 (right) labeled, respectively. The region indicated

by a black rectangle is the sub-region shown in Figure 3. The sub-regions 1, 2, and 3 indicated by

a orange rectangle are the active regions for calculating pixel-to-pixel calibration coefficients in

Figure 4.
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Fig. 3.— Panels a and b are the ratio of line-of-sight magnetic field between the FGM and HMI,

which are same as Figure 2, but for a sub-region cut from full-disk image in Figure 2 indicated by

a black rectangle. Panels c and d are the errors of the ratio of line-of-sight magnetic field between

the FGM and HMI for Panels a and b, respectively.
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Fig. 4.— (a) the time series of cross coefficents for sub-regions 1, 2, and 3 indicated in Figure

2, here vr with the unit of m s−1 (line-of-sight component of spacecraft velocity) is plotted as an

additional left y-axis. (b), (c) and (d) are the scatter plots of cross coefficents vs. vr for sub-regions

1, 2, and 3 as in Figure 2, respectively.
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FMG and HMI in Figures 2 and 3 is severely affected by signal noise. An alternative method is

fit the active region magnetic field as a whole to obtain the ratios between FMG and HMI. Firstly,

the active region or sub-region with strong magnetic field of FMG and HMI are plotted as scatter

plots; then linear fitting (y = kx + b) is applied to these scatter plots to calculate the slope of this

linear formula, the slope fitted can be regarded as ratio of the coefficient between FMG and HMI.

Figure 5 shows the process to calculate the whole fitting ratio between FMG and HMI, Panels a

and b are the longitudinal magnetic field of FMG and HMI observed quasi-simultaneously. In

Panel c the scatter plot of FMG at spacecraft velocity of vr of 707 m s−1 and HMI magnetic field

are plotted, the yellow line is the fitting result, here the slope k with value of 2.002 ± 0.001 is

regarded as the ratios of coefficient for this sub-region on the whole when vr is 707 m s−1. For this

fitting method, the ratio of coefficients is fitted through overall distributions of the scatter plot,

additionally the erorrs both of FMG and HMI are included in the fitting process. Hence the effects

of signal noise and size of region are avoided, which is the advantage of this fitting method.

Figure 6 shows a time series of the ratios of the coefficient between FMG and HMI using

fitting method and vr during a period of 25 February 2023 for a sub-region with strong magnetic

field. It can be found that the ratios of coefficient are modulated by the longitudinal velocity of the

spacecraft [vr], with evident periodicity that is the same exactly as orbital period. The scatter plot

with a high concentration of points means that the one-to-one correspondence between calibration

coefficient and spacecraft velocity is excellent during this observation with multiple spacecraft

orbital period lasting about one day.

To correct FMG magnetic-field values modulated/affected by spacecraft velocity is the

ultimate goal of obtaining ratios of calibration coefficients between FMG and HMI. Figure

7 shows some examples of the evolution of magnetic flux for active regions before and after

correcting by fitting method, Panels a and b are active region NOAA 13230 observed on 24

February 2023, Panels c and d are NOAA 13236 observed on 25 February 2023, the evolution of
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Fig. 5.— (a) and (b) active-region longitudinal magnetic field of FMG and HMI. (c) the scatter

plot of FMG Panel a at spacecraft velocity of vr of 707 m s−1 and HMI Panel b active-region

magnetic field, the yellow line is the fit y = kx + b .

Fig. 6.— (a) the time series of cross coefficient of HMI/FMG using fitting method and vr as an

additional left y-axis on 25 February 2023 for a sub-region with strong magnetic field. (b) are the

scatter plots of cross coefficents vs. vr.
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positive and negative magnetic flux before and after correction are plotted and labeled by f porig,

f pcorr, f norig, and f ncorr, respectively. Additionally, the error bars are calculated and plotted for

the corrected magnetic flux f pcorr and f ncorr in each panel, here the errors of f pcorr and f ncorr are

about 0.45% comparing the values of f pcorr and f ncorr . From Figure 7, it can be found that the

evolution of both positive and negative magnetic flux for these active region before correction are

modulated by spacecraft velocity evidently with the same periodicity. While after the correction,

the periodicities of evolutions of the magnetic flux become weaker significantly. Therefore, the

coefficients corrected FMG magnetic field will be more suitable for quantitative research on solar

magnetic field.

4. Discussions and Conclusions

The FMG onboard the ASO-S spacecraft operates in Sun-synchronous orbit with orbital

period about 99.2 minutes. Subsequently Sun–FMG radial velocities also have periodicity with

longitudinal velocity [vr] between Sun and FMG changes periodically with from -3.9 to +3.9

km s−1. Longitudinal velocity [vr] of FMG resulting Doppler velocity affects the calibration of

magnetic field obviously for routine FMG observations, when one spectral position is fixed during

an observation. The method of correcting the magnetic field affected by spacecraft velocity can be

investigated by comparing the calibration coefficients with other instruments.

In this article, HMI longitudinal magnetic field with 45-second cadence working as reference

to calibrate FMG magnetic field is tested. From the test results in Figure 7, it can be found that

this type of calibration method can largely eliminate the influence of spacecraft periodic velocity

on magnetic field of FMG. The corrected magnetic field is closer to the actual conditions, which

would definitely improve the reliability of the FMG magnetic field. The consistency with HMI

magnetic field is not the goal of FMG calibration, the real goal is to eliminate the impact of

spacecraft orbital velocity period on the FMG magnetic field, and to have a precise measurement
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Fig. 7.— The examples of the evolution of the magnetic flux for active regions before and after

cross-calibration coefficients correction. Here, the cross-calibration coefficients are calculated by

fitting. Panels a and c are active region NOAA 13230 observed on 24 February 2023, Panels a and

c are NOAA 13236 observed on 25 February 2023, positive and negative magnetic flux before and

after correction are indicated by f porig, f pcorr, f norig, and f ncorr, respectively. For plots of f pcorr

and f ncorr, the error bars are added.
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of magnetic field without biases or systematic errors. For example Figure 7, the effect of magnetic

flux evolution being consistent with spacecraft velocity period should be corrected, as it is a false

signal. Since the linear calibration method is adopted by FMG, and the consistency of FMG

magnetic-field values itself without the influence of spacecraft orbital period is very important.

FMG observes magnetic field over the full solar disk, and calibration coefficient is very

sensitive to the position on the solar surface. There exists a large-scale background Doppler

velocity field related to the solar position, which inevitably participates in the influence of

spacecraft velocity on the FMG magnetic field. Therefore, a complete data sample, in which the

active-region observations exist positions on the solar surface, is a necessity in order to fully and

effectively correct the FMG magnetic field influenced by the periodicity of spacecraft velocity.

However in this article, the focus of attention has been placed on the impact of spacecraft velocity.

Another aspect that needs to be mentioned is that calibration coefficients are spectral position

related, since the relation between Stokes signal strength and magnetic field varies for different

observation position of a spectral line when periodic velocity affects the shape of spectral lines. In

the routine observations of FMG at present, the observed spectral line is fixed at -0.08 Å away

from the center of the line. So the dateset of correcting calibration coefficients in this article are

suitable to correct the FMG magnetic that observed at line wing of -0.08 Å. Additionally, dateset

of calibration coefficients for the observation at line wing of -0.08 Å is not complete, and more

active regions try to cover solar disk are need.

An alternative method to correct FMG magnetic field is a post-processing method based

on the periodicity of spacecraft velocity with high certainty. For example evolution of magnetic

flux in Figure 7, filtering technology (such as the FFT) can be applied to these curves to obtain

the component with the period of 99.2 minutes, then a reliable magnetic field can be deduced

by eliminating 99.2 minutes periodic component. Additionally, machine-learning methods of

artificial intelligence may also correct the FMG magnetic field after the acquisition of a large
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observation sample with enough information of observation spectral position, solar surface

position, and a full range of spacecraft velocity.

From the results in the article, it can be found that through cross comparison with HMI, it

is largely possible to correct the periodic influence of spacecraft orbital velocity on the FMG

magnetic field, and obtain a more realistic magnetic field observed by FMG. However, it should

be noted that HMI is not the only sample used as a reference standard, since the self consistency

of the FMG magnetic field avoiding spacecraft velocity impact is the main goal of correction.

Another observation can be chosen as reference is data obtained by SMAT (S olar Magnetism

and Activity Telescope at the Huairou Solar Observing Station), the advantage of FMG and

SMAT is that they have common design parameters. To correct FMG magnetic field more

comprehensively, the main aspect is to establish a more comprehensive calibration database with

adequate information of observation spectral position, solar-surface position and full range of

spacecraft velocity, all of these need a continuous long-term stable observation of FMG.
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