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Figure 5. 230 day subsets of the time series of the SDO/HMI-observed magnetic filling factors (black), along with the MLP (blue) and linear (orange) estimates
derived from the S-index and TSI. Three subsets are shown, taken during the middle of the stellar cycle (left), during solar maximum (middle), and approaching solar
minimum (right). Both techniques successfully reproduce fspot, fplage, and fntwk, with especially good performance at solar minimum.

Table 3
Pearson Correlation Coefficients between HMI-Derived Estimate of the
Suppression of Convective Blueshift, Δvconv and the Activity-driven RVs

Derived from Equation (13)

Filling Factor Source ( ( ))Dr v RV f f f, , ,conv spot ntwk plage

HMI 0.92
Linear Estimate 0.84
MLP Estimate 0.83

Note. The very high correlation coefficients indicate that the plage and network
filling factors successfully estimate the RV contribution of the suppression of
convective blueshift, as expected from MH19.

Table 4
Pearson Correlation Coefficients between HMI-derived Estimate of the

Photometric Velocity Shift, Δvphot and the Activity-driven RVs Derived from
Equation (14)

Filling Factor Source ( ( ))Dr v RV f,phot spot

HMI 0.62
Linear Estimate 0.70
MLP Estimate 0.67

Note. The relatively high correlation coefficients indicate that the spot filling
factors successfully estimate the photometric RV shifts, as expected
from MH19.
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The B coefficients, which describe the spot contributions to
the suppression of convective blueshift, vary depending on the
filling factors used. The linear and MLP estimates of fspot
receive a heavy weighting, while the SDO weighting is about a
factor of 3 smaller. The MLP estimates also have a contribution
only ∼2σ above zero. However, the Sun is a plage-dominated
star, and fspot is about a factor of 100 times smaller than fplage,
as shown in Figure 2. So, while the precise weighting of fspot
varies based on the values used, in all cases their contribution
to the suppression of convective blueshift will be negligible
compared to that of fplage. We may therefore conclude that, as
suggested by MH19, plage regions are the dominate contrib-
ution to the solar suppression of convective blueshift, while
spots are the dominant contribution to the photometric RV
shift: knowledge of the plage and spot filling factors are
therefore sufficient to reproduce Δvconv and Δvphot,
respectively.

5.2. Direct MLP Modelling of Solar RVs

To see if it is possible for a more refined technique to extract
further RV information from our inputs, we fit an MLP directly
to the solar RVs using the S-index and TSI as inputs. This is
similar to the technique proposed by de Beurs et al. (2020), but
replacing the residual cross-correlation function with the
S-index and TSI. The hyperparameters of this MLP are the
same as those given in Table 2. As before, we divide our data
into training and test sets, and the quoted residuals are derived
from the test set. This fit results in an rms residual of
0.96 m s−1, (as shown in Table 5) indicating that there is indeed
more RV information to be gained from this set of
observations. Interestingly, however, while this rms value is
below the residuals obtained from both sets of estimated filling
factors, it is greater than the 0.91 m s−1 residuals obtained by
using the direct SDO measurements of the filling factors. This
appears to indicate that, while the S-index and TSI contain
more information than our linear and MLP estimates could
obtain, they do not contain all the information about the solar
plage, spot, and network coverage.

This is unsurprising: we note that network regions can form
from decaying plage regions. Due to the geometry of the
magnetic flux tubes associated with these regions, a network
region may rotate onto the limb, become a plage region as it

rotates onto disk center and then become a network region
again as it rotates back onto the limb. The linear technique
directly uses the different temperature contrasts of network and
plage to provide a useful first pass at differentiating these
regions, but does not capture these links between them. That is,
there are additional physical effects that further complicate the
relationship between photometry, spectroscopy, filling factors,
and RVs (Miklos et al. 2020). While the underlying behavior of
the MLP is unknown, it likely employs a similar, slightly more
complex technique to differentiate the two classes of regions.
The magnetic intensification effect, which strengthens lines in
the presence of a magnetic field (e.g., Leroy 1962; Stift &
Leone 2003), has an RV signal that depends on the overall
filling factor, as well as a given line’s wavelength, effective
Landé g value, and magnetic field strength (Reiners et al.
2013). HMI monitors the photospheric 6173.3Å iron line:
these wavelength-dependent effects mean that the filling factors
derived from HMI may not be consistent with those derived
from the chromospheric calcium H and K lines. The center-to-
limb dependence of the calcium H and K lines are different
than the 6173.3Å line as well, which could lead to mismatches
in the derived filling factors as a function of rotational phase.
More complicated linear and MLP-based filling factor
estimates could use spectroscopic measurements of additional
absorption lines, and photometric measurements integrated
over different wavelength bands to compensate for these
effects, and to exploit different wavelength-dependent contrasts
of each feature to better separate these three classes of magnetic
active regions.
The direct MLP fit to the solar RVs and its residuals are

plotted in Figure 6. The effects of HARPS-N cryostat cold plate
warm-ups, discussed in Collier Cameron et al. (2019),
Dumusque et al. (2021), are clearly visible in the fit residuals,
indicating that the MLP is not “learning” instrumental
systematics and that the residual RV variations below this
level are likely dominated by a combination of instrumental
systematics and activity processes not reflected by variations in
the S-index and TSI. Further work is necessary to identify these
remaining activity processes and to disentangle them from
instrumental effects.

5.3. Application to the Stellar Case

The techniques developed in this work should be applicable
to Sun-like stars with the proper observational cadence. To
reproduce properly scaled filling factors, the linear technique
requires precise knowledge of radius, effective temperature,
and distance to the target, as well as the temperature contrasts
of the plage, spots, and network. The effective temperature may
be calculated spectroscopically (Buchhave et al. 2012), while
the temperature contrasts may be assumed to be Sun-like in the
case of G-class stars. The stellar radius may then be calculated
photometrically, using the spectroscopic temperature as a prior.
The stellar distance may be straightforwardly determined

Table 5
RMS RV Residuals from Several Models and Methods

rms (m s−1)

Full solar data set 1.64
Decorrelated with S-index 1.10
Decorrelated with HMI filling factors 0.91
Decorrelated with linear filling factor estimates 1.04
Decorrelated with MLP filling factor estimates 1.02
Decorrelated with MLP RV estimate 0.96

Note. Using our estimates of fspot, fplage, and fntwk in Equation (15) reduces the
RMS RVs by 60 cm s−1. However, using the HMI-observed filling factors
reduces the RMS residuals by a further 13 cm s−1, indicating there is additional
information in these filling factors not captured by our estimates. A direct MLP
fit to the solar RVs, using the S-index and TSI as inputs, performs better than
our estimated filling factors, but does not perform as well as the fit to HMI
filling factors. This indicates that, while our estimated filling factors are highly
correlated with the observed values, the S-index and TSI alone are insufficient
to completely characterize the filling factors of each feature.

Table 6
Pearson Correlation Coefficients between HMI Ground Truth Filling Factors

and the Linear and MLP Estimates for Each Class of Filling Factor

Spots Plage Network

Linear 0.81 0.87 0.81
MLP 0.85 0.87 0.89
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through parallax measurements, while the rotation period may
be obtained via photometry or through RV measurements.

Although the techniques presented here assume a plage-
dominated star, it is straightforward to rework Equations (3)
and (5) for a spot-dominated target: in this case, the S-index is
assumed to be correlated with spot-driven variations of the TSI,
with positive deviations indicating the presence of bright, plage
regions.

While properly scaling the linear estimate of fplage requires
observations near stellar minimum, modeling RV variations
only requires time series which are proportional to fspot, fplage
and fntwk—in this case, this offset is unimportant, and no
additional constraint is placed on the stellar observations.
Furthermore, the values of ΔTspot, ΔTplage and ΔTntwk may be
absorbed into the fit coefficients in Equations (3), (5), and (15),
further simplifying matters.

The MLP machine learning technique, in contrast, requires
less knowledge of the target star: while the mathematical and
physical transformations learned by MLP are unknown to the
user, the MLP is presumably learning a more sophisticated
version of the linear technique, and implicitly “learns” the solar
values for feature temperature contrast and quiet temperature as
it identifies higher-order correlations between the TSI, S-index,
and filling factors. This makes the MLP straightforward to

implement when precise contrast values are unknown.
Furthermore, since the MLP uses no timing information, it
places no constraints on the observational cadence or baseline:
it only requires simultaneous photometric and spectroscopic
measurements.
However, since ground truth filling factors can only be

directly measured in the solar case, the MLP must be trained
using solar data. Its stellar application is therefore limited to
Sun-like stars (that is, stars with very similar surface filling
factors as the Sun, or possibly even only solar twins), making it
less generalizable to other stellar targets. Since stars other than
the Sun cannot be resolved spatially at high resolution,
assessing just how “Sun-like” a target needs to be for the
machine learning technique to yield meaningful results is
challenging. One possibility is to generate synthetic stellar
images for targets with a variety of spectral types, activity
levels, feature contrasts, and viewing angles using SOAP 2.0
(Dumusque et al. 2014), StarSim (Herrero et al. 2016), or a
similar platform, computing the light curve and S-index for
these images, and seeing if an MLP trained on the solar case
reproduces the filling factors expected for each image. Such an
analysis is beyond the scope of this work.

6. Conclusions

We assess two techniques to extract spot, plage, and network
filling factors using simultaneous spectroscopy and photo-
metry. The first technique involves a straightforward analytical
manipulation of the S-index and TSI time series, while the
second uses a neural network machine learning technique
known as an MLP trained on ground truth filling factors
derived from full-disk solar images. Both techniques yield
filling factor estimates which are highly correlated with values
derived from full-disk solar images, with Spearman correlation
coefficients ranging from 0.81 and 0.89 from each technique.
We show that decorrelating a nearly three-year time series of

solar RVs using HMI-observed spot, plage, and network filling
factors effectively reproduces the expected RV variations due
to the convective blueshift and rotational imbalance due to flux
inhomogeneities, reducing the residual activity-driven RVs
more than the typical technique of decorrelating using
spectroscopic activity indices alone. Fitting to HMI filling
factors reduces the RV rms from 1.64 to 0.91 m s−1, while
fitting to the S-index alone results in an rms variation of
1.10 m s−1. Including this additional information about spots,
plage, and network thus accounts for an additional

( ) ( )- =- - -1.10 m s 0.91 m s 0.62 m s1 2 1 2 1 of rms varia-
tion. The filling factor estimates from both the linear and
MLP techniques offer some improvement to the rms residuals
beyond what is obtained from only the S-index. Decorrelating
with the linear estimates reduces the rms variation to

Figure 6. MLP fit to the HARPS-N solar telescope data. HARPS-N RVs are
shown in black and MLP estimates of the RVs are in blue. Fit residuals are
shown in the bottom panels: HARPS-N cryostat warm-up dates (see text) are
indicated with black dashed lines.

Table 7
Best-Fit Coefficients for Fitting Equation (15) to the HARPS-N Solar RVs Using SDO Filling Factors, Linear Estimates of the Filling Factors, and MLP Estimates of

the Filling Factors

Filling Factor Source A (105 m) B (m s−1) C (m s−1) D (m s−1) RV0 (m s−1)

SDO 7.7 ± 1.2 165 ± 76 244 ± 15 52 ± 27 −2.0 ± 0.3
Linear 7.1 ± 1.3 470 ± 80 281 ± 11 0* −1.32 ± 0.08
MLP 7.5 ± 1.4 479 ± 218 242 ± 52 2 ± 90 −1.3 ± 1.2

Note. Note that the estimates of fplage and fntwk derived from the linear technique are both linear transformations of the S-index. We therefore require D = 0 to avoid
degeneracies when using the filling factor estimates derived from the linear technique.
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1.04 m s−1, and the MLP estimated filling factors reduces the
rms to 1.02 m s−1.

Using an MLP trained directly on the solar RVs, we reduced
the rms to 0.96 m s−1. While this indicates that the S-index and
TSI contain more RV information than obtained by either
estimate of our filling factors, it does not lower the rms RVs
below the 0.91 m s−1 limit obtained using direct measurements
of the magnetic filling factors. This suggests that, while our
initial estimates of fspot, fplage, and fntwk are highly correlated
with the expected value, more information is needed to fully
characterize these feature-specific filling factors. To match the
performance of the HMI filling factors, a more sophisticated
version of this technique, using additional spectral lines and
photometric bands will likely be necessary.

Both the analytical and machine learning techniques may be
used to extract filling factors on other stars: the analytical
technique is more widely generalizable, but requires detailed
knowledge of the star and good temporal sampling, ideally with
observations of the target at activity minimum. The machine
learning technique, in contrast, requires no additional knowl-
edge of the target star, and applies no constraints on the
observing schedule—however, it is only applicable to stars
with very similar filling factor properties as the Sun.
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