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ABSTRACT

For nearly a decade, observations have shown that many older Sun-like stars spin faster than pre-

dicted, a phenomenon known as weakened magnetic braking (WMB). The leading hypothesis for WMB

is a weakening of the large-scale dipole field, which leads to a less efficient angular momentum loss. To

test this hypothesis on a star known to be in the WMB regime, we present the first Zeeman Doppler

Imaging (ZDI) map of the Sun-like star τ Ceti, reconstructed using spectropolarimetric data from the

Canada-France-Hawai’i Telescope (CFHT). Our ZDI analysis reveals a remarkably simple, stable and

weak (〈B〉 = 0.17 G) magnetic field, characterized by a predominantly dipolar (∼ 92% magnetic energy

contained in l = 1 modes), and highly axisymmetric (∼ 88% magnetic energy contained in m < l/2

modes) morphology. We infer a dipole field strength of Bdip = 0.31 G, nearly an order of magni-

tude weaker than standard braking model predictions, providing direct confirmation of the weakened

large-scale dipole predicted by the WMB hypothesis. This work establishes a new benchmark for ZDI,

demonstrating that even extremely quiet stars in the WMB regime are accessible to this technique.

Keywords: Spectropolarimetry (1973) — Stellar magnetic fields (1610) — Stellar evolution (1599) —

Stellar Rotation (1629)

1. INTRODUCTION

Cool stars like the Sun possess convection zones that,

when coupled with stellar rotation, generate substantial

surface magnetic fields. These fields are fundamental to

stellar evolution, influencing the star itself and its sur-

rounding environment. Stellar magnetic fields are not

static; they are complex structures that evolve across a

wide range of spatial and temporal scales.

Sun-like stars are born with relatively rapid rotation

that slows over time as magnetized stellar winds carry

away angular momentum—a process known as magnetic

braking (Parker 1955; Weber & Davis 1967). Over the

past decade, the Kepler mission has provided an un-

precedented quantity of rotation period measurements,

revealing discrepancies with the standard model of stel-

lar spin-down. Many Sun-like stars remain unexpect-

edly rapid rotators at old ages (Angus et al. 2015), sug-

gesting that the efficiency of magnetic braking decreases

dramatically after they pass the middle of their main-

sequence lifetimes and reach a critical Rossby number

(van Saders et al. 2016), defined as the ratio between

the rotation period, Prot, and the convective overturn

timescale, τcz (Ro= Prot/τcz; Rocrit ∼ Ro�). The co-

incident disappearance of Sun-like activity cycles at a

similar age and Ro strongly suggests a magnetic ori-

gin for this “weakened magnetic braking” (WMB; van

Saders et al. 2016; Metcalfe & van Saders 2017).

The leading hypothesis for WMB is a fundamental

shift in the star’s magnetic field strength and morphol-

ogy. Because the large-scale dipole component of the

magnetic field provides the most efficient lever arm for

angular momentum loss (Réville et al. 2015; See et al.

2019a), a weakening of this component accompanied by

a shift in magnetic energy toward smaller, more com-

plex spatial scales would drastically reduce the braking

torque (Garraffo et al. 2016, 2018). This hypothesis has

been supported by spectropolarimetric snapshots show-

ing that less active, older stars beyond Rocrit exhibit

much weaker large-scale dipole fields than their more ac-

tive counterparts (Metcalfe et al. 2021, 2022, 2023, 2024,

2025a). An ideal laboratory to investigate this transi-

tion is τ Ceti, a nearby (3.652 ± 0.002 pc; Gaia Collab-

oration et al. 2022), G8V (Keenan & McNeil 1989) and

old (4.4-12.4 Gyr; Lachaume et al. 1999; Pijpers et al.

2003; Di Folco et al. 2004; Mamajek & Hillenbrand 2008;

Baum et al. 2022) star. A recent spectropolarimetric

snapshot (Metcalfe et al. 2023) from the Large Binocu-
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Table 1. Log of the ESPaDOnS spectropolarimetric observations of τ Ceti. The columns provide: (1) the UT date of the
observation; (2) the rotational phase, calculated relative to the first epoch and using a rotation period of Prot = 34 days
(Baliunas et al. 1996); (3) the number of exposures per night; (4) the mean S/N per pixel at 550 nm in the unnormalized Stokes
I spectrum; (5) the polarimetric precision in the coadded Stokes V LSD profile, computed as the standard deviation of the
coadded null LSD profile in the region of the spectral line; (6) the longitudinal magnetic field strength, 〈Bz〉, computed from
the coadded LSD Stokes V profile; and (7) the False Alarm Probability (FAP) of the detection in the coadded Stokes V LSD
profile.

UT Date Phase Num S/N σV [×10−6] Bz ± σBz [G] FAP

2023-10-21 0.00 14 1014 6.26 −0.19± 0.13 3.0× 10−3

2023-12-02 1.23 15 990 5.38 −0.15± 0.10 5.5× 10−5

2023-12-04 1.29 13 1067 3.54 −0.28± 0.10 2.0× 10−5

2023-12-30 2.05 14 1058 4.26 −0.28± 0.09 1.3× 10−12

2024-01-06 2.26 15 1079 5.69 −0.34± 0.09 5.2× 10−7

2024-01-16 2.55 12 1133 5.48 −0.27± 0.14 2.7× 10−3

lar Telescope (LBT) revealed that its magnetic field is

dominated by a weak, axisymmetric dipole component

(mean longitudinal magnetic field 〈Bz〉 = −0.37 ± 0.08

G, dipolar field strength Bdip = −0.77 ± 0.31 G), and

an estimate of its wind-braking torque places it firmly

in the WMB regime, making it one of the oldest stars

(9.0 ± 1.0 Gyr; Tang & Gai 2011) yet identified in this

state. The star’s significance is further enhanced by its

known planetary system, which includes at least four

planets, two of which reside near the habitable zone

(Feng et al. 2017). Understanding the host star’s mag-

netic environment is therefore integral for assessing the

conditions for life on these worlds.

A single snapshot, however, provides only a limited

view of a star’s global magnetic field. To fully charac-

terize its magnetic morphology and confirm its role in

the WMB paradigm, observations at multiple rotational

phases are required. In this Letter, we present new ob-

servations that enable the first Zeeman Doppler Imaging

(ZDI) map of the global magnetic field of τ Ceti.

2. ESPADONS OBSERVATIONS

Spectropolarimetric observations of τ Ceti were con-

ducted between 2023 October 21 and 2024 January 16

using ESPaDOnS at the 3.6m CFHT on Maunakea. In

total, we acquired data from six individual epochs, with

five of these observations spanning a 45-day period to

facilitate rotational phase mapping.

ESPaDOnS is a high-resolution spectropolarimeter

covering a wavelength range of 370 to 1050 nm with

a spectral resolving power of R = 65,000 (Donati 2003).

Each observation consisted of a standard polarimetric

sequence of four consecutive sub-exposures, with each

sub-exposure using a different orientation of the instru-

ment’s retarder waveplate. Operating in circular polar-

ization mode, these sequences yield both the total inten-

sity spectrum (Stokes I), derived by summing the four

sub-exposures, and the circularly polarized spectrum

(Stokes V ), which is calculated from the sub-exposures

with orthogonal polarization states. This mode is par-

ticularly well-suited for studying low-activity, cool dwarf

stars like τ Ceti, as Zeeman signatures present a larger

amplitude in circular polarization compared to linear

polarization (Landi Degl’Innocenti 1992).

The raw data were processed using the LIBRE-ESPRIT

reduction pipeline (Donati et al. 1997). The reduced

Stokes I spectra of τ Ceti show a typical signal-to-noise

ratio (S/N) per pixel at 550 nm of 1060. The observation

details are given in Table 1.

3. MULTI-LINE POLARIZATION ANALYSIS

To enhance the S/N of the faint polarization sig-

natures expected from τ Ceti, we employed a multi-

line analysis technique. This method leverages the re-

dundant information contained within the thousands

of metallic lines covered by modern echelle spectropo-

larimeters like ESPaDOnS. Specifically, we utilized

Least-Squares Deconvolution (LSD; Donati et al. 1997;

Kochukhov et al. 2010) to combine these lines into a sin-

gle, high-S/N mean profile for both intensity (Stokes I)

and circular polarization (Stokes V ).

The LSD technique models an observed spectrum as a

convolution of a predetermined line mask—representing

the positions and relative strengths of selected atomic

lines—with a single, common profile shape. Through

a weighted linear least-squares process, this model is

fit to the data to derive the high-precision LSD profile,

which serves as a proxy for the average line profile across

the stellar disk. Since LSD assumes that all lines have

similar profile shapes, lines that are significantly broader

than the average (e.g., hydrogen Balmer lines, Na D)

must be excluded.

For the purpose of LSD profile calculations, we be-

gan the analysis by constructing a line mask tailored to
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τ Ceti. We queried the Vienna Atomic Line Database

(VALD; Ryabchikova et al. 2015) to generate a list of

23,956 atomic transitions between 360–1010 nm. This

list was then filtered to include only lines with a cen-

tral depth greater than 1% of the continuum, calcu-

lated for a MARCS model atmosphere (Gustafsson et al.

2008) with stellar parameters matching those of τ Ceti

(Teff = 5250 K, log g = 4.5, [M/H]= −0.44, vmicro = 1.0

km s−1), as reported in Metcalfe et al. (2023). After ex-

cluding regions affected by telluric contamination and

the hydrogen Balmer series, our final line mask con-

tained 5,219 metallic lines.

We derived LSD profiles using SpecpolFlow4 (Folsom

et al. 2025), a new, open-source pipeline. The process

began with interactive continuum normalization of each

ESPaDOnS spectrum following the procedure outlined

in Folsom et al. (2008) and Folsom (2013). Based on

the custom line mask, we used SpecpolFlow to compute

LSD profiles for the Stokes I, V , and diagnostic null (N)

spectra for each observation, following the methods of

Donati et al. (1997) and Kochukhov et al. (2010). The

N profiles were calculated by combining the four sub-

exposures in such a way that polarization cancels out,

allowing us to verify that no instrumental artifacts are

present in the data. The LSD profiles were computed

over a velocity range of ±200 km s−1 with a 1.8 km s−1

velocity step, matching the instrument’s mean wave-

length sampling. Normalization weights for the LSD

calculation were set to a central depth d0 = 0.4, effec-

tive Landé factor z0 = 1.2, and wavelength λ0 = 500

nm. LSD profiles obtained from spectra taken during

the same night were co-added using a 1/σ2 weighted

average to produce a final, higher S/N LSD profile, as

shown in Fig. 1. From the final Stokes V and I profiles,

we derived the mean longitudinal magnetic field, 〈Bz〉,
using the first-moment technique (Rees & Semel 1979;

Donati et al. 1997; Kochukhov et al. 2010). To quan-

tify the statistical significance of any magnetic detection,

we used SpecpolFlow to calculate the FAP—the prob-

ability that the observed Stokes V signal is consistent

with noise. Following the convention adopted in Donati

et al. (1997), we define a “definitive detection” as having

a FAP< 10−5 and a “marginal detection” as having a

FAP< 10−3.

We obtain two definite detections (FAP < 10−5) of

the circular polarization signature in Stokes V LSD pro-

files (UT Date 2023-12-30 and 2024-01-06), two marginal

detections (FAP < 10−3; UT Date 2023-12-02 and

2023-12-04) and two non-detections (FAP > 10−3; UT

4 https://folsomcp.github.io/specpolFlow/
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Figure 1. LSD profiles of τ Ceti derived from ESPaDOnS
data. The Stokes I (left), V (middle) and null profile (right)
are offset vertically for display purposes. The different rota-
tional phases are shown in the Stokes I panel. Percentage
mean errors on the computed LSD Stokes V profile are indi-
cated with an error bar in the middle panel.

Date 2023-10-21 and 2023-01-16). The overall polar-

ity of the Stokes V profiles is negative and we infer

a weighted mean longitudinal magnetic field strength

〈Bz〉 = −0.26± 0.04 G. A detailed list of 〈Bz〉 and FAP

for each coadded LSD profile is reported in Table 1.

4. ZEEMAN DOPPLER IMAGING

To reconstruct the surface magnetic field geometry of

τ Ceti, we used the Zeeman Doppler Imaging (ZDI) code

InversLSD (Kochukhov et al. 2014), which has been ex-

tensively validated and used in numerous studies of stel-

lar magnetic field morphology (e.g., Rosén et al. 2015;

Kochukhov et al. 2017; Oksala et al. 2018; Kochukhov

et al. 2019, 2022; Kochukhov 2025).

ZDI is an inversion technique that iteratively fits a

model of a star’s surface to a time series of observed

Stokes profiles. The process begins by dividing the stel-

lar surface into a grid of independent zones—1,876 in

this work following the optimal surface sampling scheme

discussed in Piskunov & Kochukhov (2002). We then

calculated synthetic local Stokes I and V profiles for

each zone, which we subsequently integrated over the

visible stellar disk at each observed rotational phase. We

https://folsomcp.github.io/specpolFlow/
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compared these disk-integrated synthetic profiles to our

observed LSD profiles, and the surface map is updated

in successive iterations until an optimal fit is achieved.

As ZDI is an inherently ill-posed problem, robust

regularization is needed to converge on a unique and

physically plausible solution. The magnetic field was

modeled using a spherical harmonic expansion, which

decomposes the field into its radial poloidal (specified

by the harmonic coefficient αlm, with angular degree,

l, and azimuthal order of each mode, m), horizon-

tal poloidal (βlm) and horizontal toroidal (γlm) com-

ponents (Kochukhov et al. 2014). We regularized the

magnetic inversion with a harmonic penalty function,

ΛΣlml
2(α2

lm + β2
lm + γ2

lm), which favors simpler, large-

scale field geometries by suppressing power in high-order

modes. The contribution of this regularization function

is controlled by a regularization parameter, Λ. We deter-

mined the optimal value of Λ iteratively. We began with

a high value of regularization and progressively reduced

it until the model’s fit to the observations no longer

showed significant improvement (Kochukhov 2017).

We parametrized the global magnetic field geometry

of τ Ceti using a spherical harmonic expansion that in-

cluded both poloidal and toroidal terms. The spherical

harmonic expansion was truncated at a maximum angu-

lar degree of lmax = 5, since the observer is blind to mag-

netic field structures at smaller scales for slow-rotators

(v sin i < 5 km s−1) like the Sun and τ Ceti (Lehmann

et al. 2019). The local Stokes profiles used in the in-

version were pre-calculated using the Unno-Rachkovsky

analytical solution of the polarized radiative transfer

equation (Landi Degl’Innocenti & Landolfi 2004), for

magnetic field strengths from 0 to 50 G in 2 G incre-

ments, across 15 limb angles and 15 field vector inclina-

tions. For the ZDI modeling, we adopted several stellar

parameters from the literature, including a projected

rotational velocity (v sin i = 0.4 km s−1; Saar & Osten

1997), a radial velocity (vrad = −16.4 km s−1; Houri-

hane et al. 2023) and an inclination angle (i = 20◦,

as calculated by Metcalfe et al. 2023, from the val-

ues of v sin i, stellar radius R = 0.816R� (von Braun

& Boyajian 2017) and Prot = 34 days (Baliunas et al.

1996)). The ZDI map of τ Ceti is presented in Fig. 2.

The surface-averaged field modulus 〈B〉 = 0.17 G, with

the poloidal component accounting for 99% of the total

magnetic energy. The dipolar mode accounts for ∼ 92%

of the poloidal component and both the quadrupolar and

octupolar modes represent a very small fraction, namely

6.4% and 0.6%. The field is predominantly axisym-

metric (∼ 88%), with the dipolar mode contributing

∼ 82% to the global axisymmetry and the quadrupolar

and octupolar components contributing 4.8% and 0.6%,

respectively. Using the α1,m harmonic coefficients, we

inferred a dipolar field strength of Bdip = 0.31 G and

an obliquity of β = 160.13◦. The standard deviation

between the observed and model Stokes I and V pro-

files is σI = 8.4 × 10−3 and σV = 8.0 × 10−6. Note

that the derived magnetic field strength does not depend

strongly on the inclination (e.g., adopting the inclination

of τ Ceti’s debris disk of 35◦ from Bisht & Jones (2024),

we find 〈B〉 = 0.18 G and Bdip = 0.33 G).

5. DISCUSSION & CONCLUSIONS

In this Letter, we present the first large-scale magnetic

field geometry map of the old Sun-like star τ Ceti, re-

constructed using a series of high-resolution spectropo-

larimetric observations from ESPaDOnS. Our Zeeman

Doppler Imaging analysis reveals a magnetic field that is

remarkably simple, characterized by a weak (〈B〉 = 0.17

G), predominantly dipolar (∼ 92%), and highly axisym-

metric (> 82%) morphology.

We find that 〈Bz〉, the longitudinal field averaged over

the visible disk, is larger than 〈B〉, the field modulus av-

eraged over the entire stellar surface. This seemingly

unexpected result (for a pure dipole) stems from a com-

bination of two factors. First, the star’s nearly pole-on

inclination and concentration of negative field in the vis-

ible pole maximize 〈Bz〉. Second, our ZDI inversion is

not restricted to fitting a pure dipole (α1,m = β1,m,

γl,m = 0). Instead, we use the field standard-approach

of fitting a general harmonic field morphology, which im-

plies fitting and regularizing the spherical harmonic co-

efficients for the radial (αl,m) and horizontal (βl,m, γl,m)

field components independently. In this case, the result-

ing small deviations from a pure dipole – both l ≥ 2

harmonic terms and β 6= α, γ 6= 0 degrees of freedom

– conspire to decrease the inferred 〈B〉 value relative

to the observed 〈Bz〉. While some of these non-dipolar

structural features of the field geometry may not be re-

liable, the usage of the general harmonic parameteriza-

tion is required for comparison of our results to other

ZDI studies.

Our findings robustly confirm and significantly extend

the results from a previous spectropolarimetric snap-

shot of τ Ceti obtained with the LBT (Metcalfe et al.

2023). While that single observation yielded only a

marginal detection, our multi-epoch dataset provides

definitive detections of the star’s circularly polarized

signature at multiple rotational phases. These two in-

dependent datasets are in excellent quantitive agree-

ment: the Stokes V amplitude in our LSD profiles is

15–20 ppm (Fig. 1), and the mean longitudinal mag-

netic field is 〈Bz〉 = −0.26±0.04 G, both in close agree-

ment with the LBT snapshot values (∼ 20 ppm and
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Figure 2. Result of the ZDI analysis of τ Ceti. The three rectangular maps represent the surface distributions of the radial,
meridional, and azimuthal magnetic field components. The color bar indicates the polarity and strength (in G) of the magnetic
field. The grey shaded area at southern latitudes represents the portion of the stellar surface that remains hidden from view due
to the star’s low inclination. The two vertical panels show a comparison between the observed (black) and model (red) Stokes
I and V . The spectra are offset vertically, with the rotational phase indicated next to each profile.

〈Bz〉 = −0.37± 0.08 G, respectively). Furthermore, our

ZDI-inferred dipolar field strength of 0.31 G is consistent

with the Bdip = 0.77±0.31 G value inferred by Metcalfe

et al. (2023) using a simpler forward-modeling approach

assuming an axisymmetric dipole morphology. The re-

markable consistency of the field’s strength and domi-

nant negative polarity over a 16-month baseline points

to a highly stable magnetic configuration. This stability

is expected, given τ Ceti’s lack of a known activity cy-

cle and its nearly pole-on viewing orientation (i ≈ 20◦),

which provides a persistent view of the star’s polar re-

gions.

Placing these results in the broader context of stel-

lar magnetic and rotational evolution, the properties

of τ Ceti are consistent with the trends observed for a

limited but growing sample of Sun-like stars with ZDI

maps. As shown in Fig. 3, as stars evolve past the crit-

ical Rossby number and enter the WMB regime, their

magnetic energy appears to become increasingly concen-

trated in the poloidal component, and their overall field

strength decreases, just as revealed by the ZDI map of

τ Ceti. We find no clear trend between stellar mass, Ro

and level of axisymmetry.

Our ZDI map reveals a magnetic field strength

for τ Ceti that is significantly weaker than pre-

dicted by standard braking models. Assuming that

the magnetic field strength scales with photospheric

pressure Pphot and Rossby number as B/B� =

(Pphot/Pphot,�)1/2 (Ro/Ro�)
−1

(van Saders & Pinson-

neault 2013), and using the values of Pphot and Ro com-
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Figure 3. Properties of the global magnetic morphologies for cool, main sequence stars obtained via ZDI. All values of Rossby
numbers are calculated from the Gaia GBP −GRP color using the asteroseismic calibration of Corsaro et al. (2021), normalized
by the solar value on this scale (Ro� = 0.496). The location of τ Ceti is highlighted with an arrow and labeled. The critical
Rossby number, Rocrit = 0.91± 0.03 (Saunders et al. 2024), is shown as a vertical, dashed black line, with a shaded gray band
representing its uncertainty. Data for τ Ceti are from this work. All other data are from: Donati et al. (2008); Morgenthaler
et al. (2012); Jeffers et al. (2014); Waite et al. (2015); Boro Saikia et al. (2015, 2016); Folsom et al. (2016); do Nascimento et al.
(2016); Boro Saikia et al. (2018); Folsom et al. (2018a,b); See et al. (2019b); Folsom et al. (2020); Brown et al. (2021); Willamo
et al. (2022); Bellotti et al. (2024); Metcalfe et al. (2024); Bellotti et al. (2025); Metcalfe et al. (2025a).

puted from a standard braking model (van Saders &

Pinsonneault 2013), Ro/Ro� = 1.05 and B/B� = 1.21

for τ Ceti (Metcalfe et al. 2025b). Adopting the strength

of the solar dipole field (Bdip,� = 1.54 ± 0.66 G) from

Finley et al. (2018), this implies an expected dipole field

strength of ∼ 2 G for τ Ceti. This prediction is nearly

an order of magnitude larger than the Bdip = 0.31 G we

infer from our ZDI map. This discrepancy reinforces the

central premise of the WMB hypothesis: that the large-

scale dipole field of old Sun-like stars is weaker than

standard models assume.

During WMB, Metcalfe et al. (2016) has suggested

that magnetic energy is preferentially concentrated into

smaller spatial scales, which are less efficient at brak-

ing the star, thus allowing old Sun-like stars to retain

faster rotation than expected from standard spin-down

models (van Saders et al. 2016). We do not detect high-

order components in the magnetic field of τ Ceti. How-

ever, we argue that the lack of such detections is not at

odds with the hypothesis of Metcalfe et al. (2016), but

rather exposes the inherent biases of ZDI when observ-

ing a target with the physical properties of τ Ceti. By

applying ZDI to magnetic field simulations, Lehmann

et al. (2019) demonstrated that ZDI is able to recover

the main magnetic structures of the large-scale field (e.g.

dipole, quadrupole and octupole) for Sun-like stars, es-

pecially after averaging over several maps. However,

they also showed that ZDI systematically struggles to

recover high-order components of the magnetic fields of

low-inclination, slowly-rotating and weakly active Sun-

like stars (Lehmann et al. 2019). In particular, the

combination of a low inclination angle (pole-on view)

and slow rotation leads to low values of v sin i. The

lower v sin i yields a smaller range of Doppler-shifted
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contributions across the stellar surface, which decreases

the amount of spatial information encoded in the corre-

sponding spectral lines. At v sin i = 0.4 km s−1 of τ Ceti,

we are limited by the thermal width of the line profile

as well as the spectral resolution of the instrument. The

cumulative result, as found by Lehmann et al. (2019),

is that ZDI can underestimate the true magnetic energy

by ∼ one order of magnitude, with the energy tending

to decrease with increasing l-mode (within the allowed

range of l modes, i.e lmax = 5 in this study). Therefore,

the absence of smaller-scale fields predicted for stars in

the WMB regime is likely a consequence of observational

limitations, rather than a true physical absence of such

fields on τ Ceti.

In conclusion, this work establishes a new benchmark

for ZDI, demonstrating that even extremely quiet stars

in the WMB regime, like τ Ceti, are accessible to this

technique. We presented the first ZDI map of τ Ceti,

constraining its surface-averaged field strength to only

〈B〉 = 0.17 G–the weakest yet inferred with ZDI–and re-

vealing a stable, and predominantly axisymmetric, dipo-

lar field. Our results confirm that stars in the WMB

regime possess extremely weak large-scale fields, but

they simultaneously underscore the significant challenge

of testing the full hypothesis regarding the redistribution

of magnetic energy into higher-order modes (van Saders

et al. 2016). A systematic ZDI survey of Sun-like stars

across a range of Rossby numbers, masses, and compo-

sitions will help understand the behavior of stars before,

during, and after this magnetic transition.
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