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ABSTRACT16

The consistently low activity level of the old solar analog 51 Peg not only facilitated the discovery of the first17

hot Jupiter, but also led to the suggestion that the star could be experiencing a magnetic grand minimum. How-18

ever, the 50 year time series showing minimal chromospheric variability could also be associated with the onset19

of weakened magnetic braking (WMB), where sufficiently slow rotation disrupts cycling activity and the pro-20

duction of large-scale magnetic fields by the stellar dynamo, thereby shrinking the Alfvén radius and inhibiting21

the efficient loss of angular momentum to magnetized stellar winds. In this Letter, we evaluate the magnetic evo-22

lutionary state of 51 Peg by estimating its wind braking torque. We use new spectropolarimetric measurements23

from the Large Binocular Telescope to reconstruct the large-scale magnetic morphology, we reanalyze archival24

X-ray measurements to estimate the mass-loss rate, and we detect solar-like oscillations in photometry from the25

Transiting Exoplanet Survey Satellite, yielding precise stellar properties from asteroseismology. Our estimate of26

the wind braking torque for 51 Peg clearly places it in the WMB regime, driven by changes in the mass-loss rate27

and the magnetic field strength and morphology that substantially exceed theoretical expectations. Although28

our revised stellar properties have minimal consequences for the characterization of the exoplanet, they have29

interesting implications for the current space weather environment of the system.30

1. INTRODUCTION31

Decades before the first hot Jupiter was discovered orbiting32

the old solar analog 51 Peg (Mayor & Queloz 1995), long-33

term monitoring of its chromospheric activity began at the34

Mount Wilson Observatory (MWO; Wilson 1968). These35

observations revealed nearly constant activity (logR′HK =36

−5.068; Henry et al. 2000), below the solar minimum level37

(logR′HK = −4.984; Egeland et al. 2017), starting in 1966 and38

continuing to the present day (Baliunas et al. 1995; Radick39

et al. 2018; Baum et al. 2022). Despite the low level of40

chromospheric activity, several seasons of the MWO data41

showed variability attributed to stellar rotation, with periods42

ranging from 21.3–22.6 days (Henry et al. 2000). A reanaly-43

sis of these same measurements confirmed a rotation period44

Prot = 21.9±0.4 days from the observations in 1998 (Simpson45

et al. 2010), and highlighted a disagreement between the ob-46

served rotation period and the value predicted from the mean47

activity level (29 days; Wright et al. 2004).48

The consistently low activity level, also seen in X-ray49

measurements, led to the suggestion of 51 Peg as a candi-50

date Maunder minimum star (Poppenhäger et al. 2009). The51

Maunder minimum was the 70 year interval between 164552

and 1715 when very few sunspots appeared on the solar disk,53

and the phenomenon is more generally known as a magnetic54

grand minimum (Usoskin et al. 2007). The absence of long-55

term chromospheric variations in a 50 year time series cannot56

determine whether a star has temporarily or permanently lost57

its activity cycle. The only unambiguous evidence that a star58

has experienced a magnetic grand minimum is the observa-59

tion of a transition from cycling to non-cycling or from non-60
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Figure 1. ZDI maps of the radial, meridional, and azimuthal field components of 51 Peg. Contours are shown with a step of 0.5 G. The dotted
line corresponds to the lowest visible latitude. The vertical bars at the bottom of each panel show the central longitude of each LBT observation.

cycling to cycling. Currently, such evidence only exists for61

one star, HD 166620 (Baum et al. 2022; Luhn et al. 2022).62

Another interpretation of constant activity stars like 51 Peg63

was put forward by Metcalfe & van Saders (2017), who sug-64

gested that they may represent the disappearance of activity65

cycles associated with the onset of weakened magnetic brak-66

ing (WMB; van Saders et al. 2016, 2019; Hall et al. 2021).67

In this scenario, sufficiently slow rotation disrupts cycling68

activity and the production of large-scale magnetic fields by69

the stellar dynamo, thereby shrinking the Alfvén radius and70

inhibiting the efficient loss of angular momentum to magne-71

tized stellar winds (Metcalfe et al. 2022).72

In this Letter, we evaluate the magnetic evolutionary state73

of 51 Peg by estimating its wind braking torque using the pre-74

scription of Finley & Matt (2018). In Section 2.1 we use75

new spectropolarimetric measurements from the 2×8.4 m76

Large Binocular Telescope (LBT) to reconstruct the large-77

scale magnetic morphology of 51 Peg. In Section 2.2 we use78

archival X-ray measurements to estimate the mass-loss rate79

from the empirical relation of Wood et al. (2021). In Sec-80

tion 2.3 we use a detection of solar-like oscillations from the81

Transiting Exoplanet Survey Satellite (TESS; Ricker et al.82

2014) to place constraints on the stellar radius, mass, and83

age. In Section 3 we bring the measurements together to es-84

timate the wind braking torque for 51 Peg, and in Section 485

we discuss the implications of WMB on the space weather86

environment of this iconic planetary system.87

2. STELLAR PROPERTIES88

2.1. Spectropolarimetry89

We observed 51 Peg from the LBT on 12 nights be-90

tween 2022 November 18 and 2022 December 03 using91

the Potsdam Echelle Polarimetric and Spectroscopic Instru-92

ment (PEPSI; Strassmeier et al. 2015, 2018). The instrument93

configuration and data reduction methods were the same as94

those described in Metcalfe et al. (2019), and we derived95

precise mean intensity and circular polarization (Stokes V )96

profiles at each epoch using the least-squares deconvolution97

(LSD) technique (Kochukhov et al. 2010). The LSD anal-98

ysis employed spectral line data from the VALD database99

(Ryabchikova et al. 2015), and we adopted spectroscopic100

parameters from Brewer et al. (2016). The observations101

spanned 15 nights, corresponding to central longitudes cover-102

ing 68% of the 21.9 day rotation period, allowing us to recon-103

struct the large-scale magnetic field with Zeeman Doppler104

Imaging (ZDI; Kochukhov 2016). Although poor weather105

prevented additional observations that could have provided106

redundant information for the inversion procedure, our set of107

disk-integrated Stokes V profiles provide some constraints at108

all stellar longitudes.109

Results of the ZDI inversion for 51 Peg are presented in110

Figure 1, which shows Mercator maps of the radial, merid-111

ional, and azimuthal components of the large-scale magnetic112

field. The inclination of the stellar rotation axis was esti-113

mated to be i ∼ 50◦ from the spectroscopic vsin i, the chro-114

mospheric rotation period, and the asteroseismic radius in115

Section 2.3. Consequently, regions of the ZDI map below116

the dotted lines in Figure 1 are not visible from Earth. The117

magnetic morphology is predominantly poloidal (85% of the118

field energy is in poloidal components) and nonaxisymmet-119

ric (m 6= 0 harmonic modes contain 76% of the field energy).120

The average field strength is 〈B〉 = 0.67 G with a maximum121

local strength of 2.28 G. The field structure is dominated by122

a nonaxisymmetric dipole (strength 0.74 G, obliquity 142◦123

towards the positive pole), which comprises 64% of the field124

energy. The sum of the quadrupole and octupole modes con-125

tribute 31% of the field energy.126

The rate of angular momentum loss due to the magne-127

tized stellar wind depends primarily on the radial component128

of the large-scale field. The prescription of Finley & Matt129

(2018) that we use in Section 3 to estimate the wind brak-130

ing torque requires polar field strengths of the axisymmetric131

(m = 0) dipole, quadrupole, and octupole components of this132

field. The observed ZDI map is dominated by nonaxisym-133

metric (m 6= 0) components, but we follow the procedure de-134

scribed in Metcalfe et al. (2022) to calculate the equivalent135

polar field strengths (Bd,Bq,Bo) for use with the wind brak-136

ing prescription. For each spherical harmonic degree `, this137

procedure calculates the total magnetic flux Φ` =
∫
|B` ·dA|,138

where the integral is over the stellar surface. The equiva-139
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lent polar field strength comes from the axisymmetric con-140

figuration for a given spherical harmonic degree that yields141

the same total magnetic flux as that calculated from both the142

axisymmetric and nonaxisymmetric components of the ZDI143

map. There is a simple analytical relation between the equiv-144

alent polar field strength and the magnetic flux from ZDI for145

each spherical harmonic degree:146

Bd =
1

2πR2
?

Φd, Bq =
3
√

3
8πR2

?

Φq, Bo =
10

13πR2
?

Φo (1)147

where R? is the stellar radius and Φd,q,o is the magnetic flux148

integrated over the surface for the dipole, quadrupole, and oc-149

tupole components of the ZDI map, respectively. The values150

of Bd,Bq,Bo from our ZDI map are listed in Table 1.151

2.2. X-Ray Data152

Poppenhäger et al. (2009) described previous X-ray obser-153

vations of 51 Peg from ROSAT, XMM-Newton, and Chan-154

dra. The ROSAT observation was carried out in late-1992,155

with a 12 ks effective exposure by the PSPC instrument. Six-156

teen years later in mid-2008, XMM-Newton obtained a deep157

55 ks pointing on 51 Peg. Six months after that, Chandra158

obtained two short 4.9 ks exposures on the same day with159

the HRC-I and ACIS-S instruments. Poppenhäger et al. car-160

ried out a detailed analysis of these observations, but they161

adopted a single-temperature plasma model to calculate the162

crucial energy conversion factors that translate count rates163

into physical fluxes. They obtained a large range of X-ray164

luminosities for 51 Peg, logLX = 26.1–27.2 erg s−1, with the165

lower and upper limits corresponding to the XMM/MOS1+2166

and Chandra/HRC-I measurements, respectively.167

We carried out an independent assessment of the archival168

X-ray data, using a new modeling approach that circum-169

vents the issue of choosing an appropriate single coronal tem-170

perature (Ayres & Buzasi 2022). We reached similar con-171

clusions to Poppenhäger et al. (2009) for the ROSAT and172

Chandra observations. However, as noted by those authors,173

the deep XMM-Newton pointing on 51 Peg yielded surpris-174

ingly minimal detections—probably owing to the use of the175

thick optical blocking filter, which significantly degrades the176

soft response of the camera system. The large energy con-177

version factors for the XMM pn and MOS modules under178

these circumstances render any derived fluxes problematic.179

From the ROSAT and Chandra data alone, we obtained a180

range of X-ray luminosities logLX = 26.6–27.0 erg s−1 in the181

0.1–2.4 keV band. Considering the minimal chromospheric182

variability of 51 Peg (Baum et al. 2022), the dispersion in our183

X-ray luminosity estimates probably arises from uncertain-184

ties in the instrumental calibrations at the soft energies that185

are characteristic of low-activity coronal sources. The impor-186

tance of this calibration issue is evidenced by the fact that the187

Table 1. Properties of the Exoplanet Host Star 51 Peg

51 Peg Source

Teff (K) 5758±78 1
[M/H] (dex) +0.18±0.07 1
logg (dex) 4.32±0.08 1
vsin i (km s−1) 2.0±0.5 1
B −V (mag) 0.67 2
logR′HK (dex) −5.068 2
Prot (days) 21.9±0.4 3
|Bd| (G) 0.737 4
|Bq| (G) 0.440 4
|Bo| (G) 0.649 4
logLX (erg s−1) 26.8±0.2 5
Mass-loss rate (Ṁ�) 0.38±0.13 5
∆ν (µHz) 114.6±1.2 6
νmax (µHz) 2474±123 6
Luminosity (L�) 1.398±0.016 6
Radius (R�) 1.152±0.009 6
Mass (M�) 1.09±0.02 6
Age (Gyr) 4.8+0.7

−0.4 6
Torque (1030 erg) 0.216+0.049

−0.052 7

References—(1) Brewer et al. (2016); (2) Henry et al. (2000);
(3) Simpson et al. (2010); (4) Section 2.1; (5) Section 2.2;
(6) Section 2.3; (7) Section 3

Chandra HRC-I and ACIS-S pointings within less than 2 h of188

each other yield X-ray flux estimates that differ by 60%.189

Using the empirical relation Ṁ ∝ F0.77
X from Wood et al.190

(2021), we can estimate the mass-loss rate for 51 Peg from191

the range of X-ray luminosities determined above and the192

asteroseismic radius in Section 2.3. The lower bound on193

the X-ray luminosity yields Ṁ = 0.25 Ṁ� while the upper194

bound yields Ṁ = 0.51 Ṁ�. For the estimates of wind brak-195

ing torque in Section 3, we adopt the average of these two196

values with an uncertainty that reflects the full range of pos-197

sible X-ray luminosities (see Table 1).198

2.3. Asteroseismology199

The TESS mission observed 51 Peg at 20 s cadence dur-200

ing Sector 56 (2022 September 01–30). Following the pro-201

cedures described in Metcalfe et al. (2023a), we extracted202

a custom light curve from the TESS target pixel files, sub-203

stantially improving the signal to noise ratio (S/N) compared204

to the data product from the Science Processing Operations205

Center. Briefly, this procedure starts with a light curve from206

the pixel with the most signal, and includes additional pixels207

one at a time until the S/N no longer improves. The resulting208

light curve was detrended against centroid pixel coordinates209

and high-pass filtered with a cutoff frequency of 100 µHz to210

remove any residual instrumental signatures.211
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Figure 2. Power spectrum of 51 Peg centered on the power excess due to solar-like oscillations. The shaded region is used to calculate an
autocorrelation, shown in the inset. Dashed lines in the inset represent expected peaks in the ACF due to the characteristic spacings of p-modes.

Figure 2 shows the power spectrum of 51 Peg computed212

from the TESS photometry, centered on the power excess213

near 2500 µHz. To confirm that the observed power excess is214

due to solar-like oscillations we used pySYD (Chontos et al.215

2022; Huber et al. 2009), which implements an autocorrela-216

tion technique to identify and characterize the global oscil-217

lation parameters (∆ν, νmax). The autocorrelation function218

(ACF) in the inset of Figure 2 is calculated from the shaded219

region of the power spectrum, showing strong peaks at the220

expected spacings (∆ν = 114.6± 1.2 µHz) and confirming221

an asteroseismic detection with νmax = 2474±123 µHz.222

In addition to the global oscillation parameters, we adopted223

observational constraints on the effective temperature Teff and224

metallicity [M/H] from Brewer et al. (2016), as well as a225

bolometric luminosity L derived from the spectral energy dis-226

tribution following the procedures described in Stassun et al.227

(2017, 2018). These constraints provided the inputs for grid-228

based modeling with the Yale-Birmingham pipeline (Basu229

et al. 2010, 2012; Gai et al. 2011), using the same grid of230

models constructed with YREC (Demarque et al. 2008) and231

following the same procedures described in Metcalfe et al.232

(2021). The resulting determinations of the asteroseismic ra-233

dius, mass, and age of 51 Peg are listed in Table 1.234

3. WIND BRAKING TORQUE235

We now have all of the required inputs to estimate the wind236

braking torque for 51 Peg, following the prescription of Fin-237

ley & Matt (2018)1. Bringing together the equivalent polar238

field strengths from our ZDI map in Section 2.1, the mass-239

loss rate from the empirical relation of Wood et al. (2021) in240

1 https://github.com/travismetcalfe/FinleyMatt2018

Section 2.2, the chromospheric rotation period from Simp-241

son et al. (2010), and the asteroseismic mass and radius242

from Section 2.3, we calculate a wind braking torque of243

0.216+0.049
−0.052×1030 erg. In Figure 3, we compare 51 Peg with244

similarly estimated wind braking torques for two slightly hot-245

ter stars (Metcalfe et al. 2021), four solar analogs (Metcalfe246

et al. 2022), and two cooler G-type stars (Metcalfe et al.247

2023b). Rossby numbers were calculated from the Gaia248

GBP − GRP color using the asteroseismic calibration of Cor-249

saro et al. (2021), normalized to the solar value on this scale250

(Ro� = 0.496). The wind braking torque has been normal-251

ized to the value for HD 76151 (4.17×1030 erg) to facilitate252

a comparison with theoretical models. Horizontal error bars253

come from the uncertainty in the rotation period, while verti-254

cal error bars reflect the range of possible torques when all in-255

put quantities are shifted by ±1σ. The gray shaded area rep-256

resents our empirical constraint on the critical Rossby num-257

ber for the onset of WMB (Rocrit/Ro� = 0.92± 0.01), and258

the dotted yellow line shows the evolution of the torque for259

HD 76151 (M = 1.05 M�) from a standard spin-down model260

(van Saders & Pinsonneault 2013). The mass-dependence of261

stellar spin-down can shift this standard model up or down262

by a factor of two for the mass range shown in Figure 3.263

The wind braking torque for 51 Peg clearly places it in the264

WMB regime, with the ZDI map providing a much stronger265

constraint than ρCrB or the components of 16 Cyg, which266

rely on upper limits from statistical non-detections of the267

large-scale magnetic field. We compare the fiducial models268

of 51 Peg and HD 76151 (cf. Metcalfe et al. 2022) to eval-269

uate the relative importance of various contributions to the270

total decrease in torque. The wind braking torque decreases271

by nearly a factor of 20 (−95%) between the ages of these272

https://github.com/travismetcalfe/FinleyMatt2018
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Figure 3. Estimated wind braking torque relative to HD 76151 as
a function of Rossby number normalized to the solar value. Points
are grouped by Gaia color, corresponding to solar analogs (yellow
circles) and hotter (blue triangles) or cooler stars (red squares). The
gray shaded area represents our empirical constraint on the critical
Rossby number for the onset of WMB (Rocrit/Ro� = 0.92±0.01).

two stars (2.6–4.8 Gyr), dominated by changes in the mass-273

loss rate (−81%) and magnetic field strength and morphol-274

ogy (−78%) with smaller contributions from the differences275

in rotation period (−6%) and stellar mass (−0.9%). These de-276

creases are substantially offset by evolutionary changes in the277

stellar radius (+75%). The overall decrease in the wind brak-278

ing torque is larger for 51 Peg (by 4.8 Gyr) than from a simi-279

lar comparison of 18 Sco (at 3.7 Gyr) and HD 76151 in Met-280

calfe et al. (2022), but it reinforces the relatively equal im-281

portance of changes in the mass-loss rate and magnetic field282

strength and morphology (−69% and −65%, respectively for283

18 Sco) near the onset of WMB.284

A comparison of the fiducial models for 51 Peg and 18 Sco285

suggests that the wind braking torque continues to decrease286

(−43%) at later evolutionary phases (3.7–4.8 Gyr). As with287

the components of 16 Cyg (cf. Metcalfe et al. 2022), the sub-288

sequent decrease in wind braking torque becomes dominated289

by the evolution of magnetic field strength and morphol-290

ogy (−42%) with smaller contributions from differences in291

the mass-loss rate (−36%) and stellar mass (−2%), offset by292

evolutionary changes in stellar radius (+51%) and the differ-293

ence in rotation period (+4%). Although changes in the mag-294

netic field strength and morphology continue to favor a lower295

wind braking torque (−30%) between the ages of 51 Peg and296

16 Cyg A (4.8–7.0 Gyr), this decrease is overwhelmed by the297

evolution of mass-loss rate (+61%) and stellar radius (+21%),298

with small contributions from differences in rotation period299

(+7%) and stellar mass (+0.4%).300

Standard spin-down models fail to predict the substantial301

changes in wind braking torque that are suggested by the ob-302

servations. While these models generally reproduce the evo-303

lution prior to the onset of WMB (dotted line in Figure 3),304

they predict a decrease of only −12% in the wind braking305

torque between HD 76151 and 51 Peg, rather than the −95%306

estimated above. This failure can be traced to underesti-307

mated changes in both the mass-loss rate (or LX ) and the308

magnetic field strength, as well as neglected changes in mag-309

netic morphology. Standard models scale the mass-loss rate310

as Ṁ∼Ro−2 and the magnetic field strength as B∼ P0.5
phot/Ro,311

where Pphot is the photospheric pressure (van Saders & Pin-312

sonneault 2013). According to these models, the mass-loss313

rate is predicted to decrease by −11% and the magnetic field314

strength by −6% between HD 76151 and 51 Peg, while the315

observations suggest a decrease of −95% in the mass-loss316

rate and −57% in the magnetic field strength (from the dif-317

ference in the activity proxy logR′HK). The average strength318

of the large-scale field from spectropolarimetry decreases by319

−78% (cf. See et al. 2019), suggesting that changes in mag-320

netic morphology are also important.321

4. DISCUSSION322

Using new observational constraints from LBT spectropo-323

larimetry and TESS asteroseismology, we have demonstrated324

that the wind braking torque of the exoplanet host star 51 Peg325

places it firmly in the WMB regime. This provides a nat-326

ural explanation for the disagreement between the observed327

rotation period (21.9 days) and that predicted from its mean328

activity level (29 days; Wright et al. 2004). At the onset of329

WMB, rotation and activity decouple (Metcalfe et al. 2016;330

Metcalfe & Egeland 2019) as the magnetic fields that had331

previously facilitated the efficient loss of angular momentum332

to stellar winds grow weaker and cascade to smaller spa-333

tial scales. Beyond this transition, the rotation period only334

changes with the stellar moment of inertia (van Saders et al.335

2016) while the activity level continues to decline with age336

(Lorenzo-Oliveira et al. 2018; Huber et al. 2022) as mechan-337

ical energy from convection becomes the dominant source of338

chromospheric heating (Böhm-Vitense 2007). It is now clear339

that WMB begins before stars reach Ro�, and our empirical340

constraint on the value of Rocrit/Ro� is consistent with that341

derived from the analysis of a larger sample of stars with as-342

teroseismic rotation periods and ages (Saunders et al. 2023).343

Our revised stellar properties and estimated wind braking344

torque for 51 Peg have minimal consequences for the char-345

acterization of the exoplanet, but interesting implications for346

the current space weather environment of the system. The347

most recent orbital solution for 51 Peg b (Rosenthal et al.348

2021) adopted a stellar mass that was only 2% lower than349

the asteroseismic mass determined in Section 2.3. The re-350

sulting update to the planetary mass would be well within351

the quoted uncertainties. Considering our characterization of352

the large-scale field and mass-loss rate of 51 Peg, direct mag-353

netic interactions between the star and planet are unlikely.354
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The Alfvén radius of our fiducial wind model for 51 Peg is355

RA = 4.6 R?, while the semi-major axis of 51 Peg b is much356

larger at a = 9.8 R?. Even prior to the onset of WMB, as-357

suming the magnetic field properties and mass-loss rate of358

HD 76151 (Metcalfe et al. 2022), the Alfvén radius of 51 Peg359

would have been RA = 5.5 R?, still well inside the planetary360

orbit. Nevertheless, standard spin-down models predict that361

without WMB, 51 Peg would have had both a higher mass-362

loss rate and a stronger magnetic field with more large-scale363

open field where energetic eruptions could escape (Garraffo364

et al. 2015), creating a harsher space weather environment365

than actually exists. Consequently, older stars beyond the366

onset of WMB may provide a more stable environment for367

the development of technological civilizations.368
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