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Proposed Mechanisms for the Saturation

• Coronal stripping (Jardine & Unruh 1999)
• At fast rotation, B-field centrifugal stripping reduces density and 

cancels increase in temperature, leading to appearance of 
saturation.

• Maximum spot filling factor (Vilhu 1984)
• An intrinsic limit to where you can put B-fields on the stellar 

photosphere.

• Saturation of the dynamo itself (Gilman 1983; Vilhu & 
Walter 1987)

Dynamo

Photosphere
Chromosphere

Corona



M dwarf Opportunity: Numerous with long 
spin-down timescales

We only calculate LH!/Lbol for the stars in the restricted
sample (de!ned in Section 2.2).

4. RESULTS

We look at the relationship between activity and rotation as a
function of stellar mass. Our photometric rotation periods allow
us to probe longer rotation periods than typically accessible for
low-mass stars. We use the empirically calibrated relationship
between mass and absolute K magnitude (calculated using
trigonometric parallaxes only) to infer stellar mass (Delfosse
et al. 2000), which we modify as discussed in Newton et al.
(2016) to allow extrapolation. We have excluded known
binaries from this analysis, as discussed Section 2.

4.1. The Active/inactive Boundary

West et al. (2015) noted that for M1V–M4V, all stars
rotating faster than 26 days are magnetically active. For M5V–
M8V, a corresponding limit was seen at 86 days. In Figure 5,
we consider the active fraction in light of the mass–period
relation. We see a smooth, mass-dependent threshold in
whether a star shows H! in emission, with the boundary
around 30 days for 0.3Me stars and around 80 days for

0.15Me. This threshold seems to correspond to the lower
boundary of the “long period” rotators, which we suggested in
Newton et al. (2016) is when an era of rapid angular
momentum evolution ceases.
The differentiation of inactive stars at long rotation periods

implies that the presence of H! emission is a useful diagnostic
for whether a star is a long- or short-period rotator. This may be
of use to exoplanet surveys, for which slowly rotating stars are
often better targets. Furthermore, for an inactive star, its mass
can be used to provide guidance as to its rotation period. We !t
a polynomial between stellar rotation period and mass for
inactive stars in our sample, using 3" clipping to iteratively
improve our !t:
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The relation is valid between 0.1 and 0.6Me and has
standard deviation of 22 days. The best !t is shown in Figure 5.
Note that for early M dwarfs, all but the most rapidly rotating
stars are inactive. Because the stars included in this !t are
selected only by virtue of being inactive, they are likely to have
a range of ages and therefore we do not expect this !t to match
up with a particular gyrochrone, or with the Sun.

4.2. BL LH bol Saturation Level

Activity as traced through LH!/Lbol represents the relative
amount of the star’s luminosity that is output as H! emission
and enables a more mass-independent comparison between
activity levels in M dwarfs. The Rossby number (Ro), which
compares the rotation period to convective overturn timescale,
is often used to compare activity strengths across mass and
rotation period ranges. We use the empirical calibration from
Wright et al. (2011) to determine convective overturn time-
scales. Figure 6 shows LH!/Lbol versus Ro. We see a saturated
relationship between LH!/Lbol and Ro for rapidly rotating stars
and a power-law decay in LH!/Lbol with increasing Ro for
slowly rotating stars. The break occurs near Ro!=!0.2.
The mean value in the saturated regime forM*!<!0.25Me is

(1.536!±!0.004)!!!10!4. This is lower than the saturation
value for M*!>!0.25Me, which is (1.852!±!0.007)!!!10!4.

Figure 5. Rotation period vs. stellar mass for active (!lled circles, H!
EW!<!!1 Å) and inactive (white circles, H! EW!>!!1 Å) stars. Masses are
estimated from a mass–MK relation, which has a scatter of about 10%. Known
or suspected binaries have been removed. The panels differ only in the scaling
of the y axis. In the bottom panel, our best-!tting mass–period relation for
inactive M dwarfs is also shown (solid line), along with lines indicating the
standard deviation in the residuals (dashed lines).

Figure 6. LH!/Lbol vs. Rossby number (Ro). We have corrected the H! EWs to
be measured relative to the maximum absorption level seen for M dwarfs of the
same mass, and used the # values from Douglas et al. (2014) to infer LH!/Lbol
from EW. For Ro we use the empirical calibration from Wright et al. (2011).
Data points are colored by their estimated stellar mass. We see saturation for
rapid rotators (small Ro), and a decline for slower rotators (large Ro).
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Figure 6. Magnetic flux Bf as a function of Rossby number. Data are from Saar
(1996, 2001), RB07, and from this work. Eleven stars without measured rotation
periods and with no detection of rotational broadening (v sin i < 3 km s!1),
i.e., lower limits of Ro, are not shown. They would form a vertical line at about
log Ro = !1 but probably lie on top of the rising part of the correlation (see
Reiners 2007). Data from this work are plotted as filled circles, data from RB07
as open circles (M stars), and data from Saar (1996, 2001) as crosses (spectral
types G0–M2). Rotation rates from this work and from RB07 are calculated
from v sin i implying that open and filled circles are Ro/ sin i and are hence
upper limits of Ro.

Figure 7. Normalized X-ray activity as a function of Rossby number in M stars
(using !conv = 70 d) from Kiraga & Stepień (2007). This plot is essentially the
same as their Figure 7 but in logarithmic units, so that the saturation plateau
becomes clear.

highest magnetic flux are smaller than the Rossby numbers of
the other stars in our sample, i.e., whether the Rossby numbers of
YZ CMi and WX UMa are also on the order of log Ro " !2. In
the case of WX Uma, we only have Ro/ sin i, and for a real value
of log Ro = !2 the star would be observed under an inclination
angle of i < 30#. For WX UMa, this is a viable option. On
the other hand, a rotation period of P = 2.8 d is reported for
YZ CMi, which is in good agreement with an inclination angle
close to i = 90# given the estimated radius and the measured
rotation velocity. To push the value of log Ro " !1.4 to !2,
either the rotation velocity must be a factor of four higher
(i < 15# implying that the rotation period is wrong), or the
convective overturn time must be longer by the same amount.
Both options seem rather unlikely. We note that Saar (2001)
reported a magnetic flux of Bf = 3.3 kG for YZ CMi, a value
that is somewhat lower than our result. This may indicate that

Figure 8. Correlation between H" activity and magnetic flux Bf in M stars.
Symbol size scales with inverse Rossby number (large symbols have small Ro).
Triangles are from RB07, circles are from this work.

our value does not reflect an unusually strong average field
strength in YZ CMi, but that the magnetic flux shows rather
large scatter (either due to uncertainties in the measurements or
temporal fluctuations).

The easiest explanation for the two very high values of
Bf > 4 kG is that the scatter in the saturated magnetic
flux level is fairly large, and Bf between 2 and 5 kG might
just be the allowed range at small Rossby numbers (including
observational effects). We have searched for other parameters,
such as exceptionally low gravity, that could cause the high
flux values in the two stars. We did not find any particular
stellar parameter that distingiushes YZ CMi and WX Uma from
other flare stars. In particular, age is probably of little direct
importance for the generation of very high magnetic flux: WX
Uma is an old disk flare star while YZ CMi is a member of the
young disk population (Veeder 1974).

Even if the two strongest magnetic flux measurements are due
to exceptionally small Rossby numbers, this would not explain
the saturation of Bf between log Ro = !2 and !1. Across an
order of magnitude in Ro, Bf varies by at most a factor of a few.
This is in striking contrast to the nearly hundredfold increase in
Bf in going from Ro " 1 to 0.1. We have concluded that both
magnetic flux and chromospheric H" (as well as coronal X-ray)
emission saturate at small Ro. With the large uncertainties in
Bf , we cannot reliably determine whether there is any super-
saturation effect, with magnetic flux declining in the most rapid
rotators.

Although both emission and magnetic flux appear to saturate
at small Ro, we observe a large scatter of magnetic flux among
the stars with small Ro and likewise some scatter in H" emission.
We thus examined whether a relation between H" emission
and magnetic flux still exists at very small Rossby numbers. In
Figure 8, we plot normalized H" emission versus magnetic
flux for our stars. As expected, log LH"/Lbol grows as Bf
grows from 0 to 2 kG. Beyond that, i.e., in the regime of
saturated magnetic flux, no further increase in chromospheric
emission is observed, although Bf grows as large as 4 kG. No
obvious correlation exists between chromospheric emission and
magnetic flux in the regime of saturation. This could mean that
saturation of chromospheric emission occurs above a certain
level of integrated flux on the star (for example, because the
filling factor reached unity). The field could then grow stronger

Reiners, Basri & 
Browning (2009)

Derived B from Zeeman 
effect on FeH lines (Ro 
from vsini).

First evidence for 
saturation mechanism at 
or beneath the 
photosphere of M 
dwarfs.



M Dwarfs in Y-band with Keck-NIRSPEC

Ti I lines
FeH Band

Pseudocontinuum

Y band: No telluric absorp>on lines

Originally Set out to measure chemical-kinema>c ages (e.g. VeyeDe & Muirhead 2018)



Acquired 30 Y-band 
spectra of nearby M 
dwarfs with NIRSPEC 
(periods from 
Newton+2017).

Augmented with 44 public 
spectra from CARMENES 
GTO program 
(Reiners+2018, Díez-
Alonso+2019).

Variety of stellar masses 
and Ro.



M Dwarfs in Y-band with Keck-NIRSPEC

Procedures for measuring EWs described in Veyette et al. (2017) and his thesis.
All targets have c/vsini < 25000 (resolution of NIRSPEC).  Convolved CARMENES data to 
NIRSPEC resolution for consistency.



Line Equivalent Width vs. Rossby
10 MUIRHEAD ET AL.

Figure 4. Equivalent width versus Rossby number (Ro) for the Ca I and Ti I lines of the 70 M dwarfs in the combined NIRSPEC and
CARMENES samples. M dwarfs with NIRSPEC data are shown as circles; M dwarfs with CARMENES data are shown as squares. We lack
CARMENES data for the Ti I (5) line. The colorbar indicates the M dwarf mass, determined using mass-luminosity relationships from Mann
et al. (2019). The outliers in Ti I (4) and Ti I (6) appear to be due to contaminated CARMENES spectra and are marked with a red circle.

Figure 5. Same as Figure 4, but with stellar mass on the x-axis and colored by Rossby number. There is some mass/temperature dependence to
the equivalent widths; however, at fixed mass, we see an increase in equivalent width with Rossby number.

Muirhead et al. (2020)



Magne=c/Zeeman Enhancement

Hansen, Kawaler & Trimble



Zeeman Split/Broaden

Extend the Linear 
Regime

See extensive work by Basri+, Berdyugina+, Shulyak+
Hansen, Kawaler & Trimble

Magnetic/Zeeman Enhancement



Magnetic/Zeeman Enhancement

Extend the Linear 
Regime

(oscillator strength)



We only calculate LH!/Lbol for the stars in the restricted
sample (de!ned in Section 2.2).

4. RESULTS

We look at the relationship between activity and rotation as a
function of stellar mass. Our photometric rotation periods allow
us to probe longer rotation periods than typically accessible for
low-mass stars. We use the empirically calibrated relationship
between mass and absolute K magnitude (calculated using
trigonometric parallaxes only) to infer stellar mass (Delfosse
et al. 2000), which we modify as discussed in Newton et al.
(2016) to allow extrapolation. We have excluded known
binaries from this analysis, as discussed Section 2.

4.1. The Active/inactive Boundary

West et al. (2015) noted that for M1V–M4V, all stars
rotating faster than 26 days are magnetically active. For M5V–
M8V, a corresponding limit was seen at 86 days. In Figure 5,
we consider the active fraction in light of the mass–period
relation. We see a smooth, mass-dependent threshold in
whether a star shows H! in emission, with the boundary
around 30 days for 0.3Me stars and around 80 days for

0.15Me. This threshold seems to correspond to the lower
boundary of the “long period” rotators, which we suggested in
Newton et al. (2016) is when an era of rapid angular
momentum evolution ceases.
The differentiation of inactive stars at long rotation periods

implies that the presence of H! emission is a useful diagnostic
for whether a star is a long- or short-period rotator. This may be
of use to exoplanet surveys, for which slowly rotating stars are
often better targets. Furthermore, for an inactive star, its mass
can be used to provide guidance as to its rotation period. We !t
a polynomial between stellar rotation period and mass for
inactive stars in our sample, using 3" clipping to iteratively
improve our !t:
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The relation is valid between 0.1 and 0.6Me and has
standard deviation of 22 days. The best !t is shown in Figure 5.
Note that for early M dwarfs, all but the most rapidly rotating
stars are inactive. Because the stars included in this !t are
selected only by virtue of being inactive, they are likely to have
a range of ages and therefore we do not expect this !t to match
up with a particular gyrochrone, or with the Sun.

4.2. BL LH bol Saturation Level

Activity as traced through LH!/Lbol represents the relative
amount of the star’s luminosity that is output as H! emission
and enables a more mass-independent comparison between
activity levels in M dwarfs. The Rossby number (Ro), which
compares the rotation period to convective overturn timescale,
is often used to compare activity strengths across mass and
rotation period ranges. We use the empirical calibration from
Wright et al. (2011) to determine convective overturn time-
scales. Figure 6 shows LH!/Lbol versus Ro. We see a saturated
relationship between LH!/Lbol and Ro for rapidly rotating stars
and a power-law decay in LH!/Lbol with increasing Ro for
slowly rotating stars. The break occurs near Ro!=!0.2.
The mean value in the saturated regime forM*!<!0.25Me is

(1.536!±!0.004)!!!10!4. This is lower than the saturation
value for M*!>!0.25Me, which is (1.852!±!0.007)!!!10!4.

Figure 5. Rotation period vs. stellar mass for active (!lled circles, H!
EW!<!!1 Å) and inactive (white circles, H! EW!>!!1 Å) stars. Masses are
estimated from a mass–MK relation, which has a scatter of about 10%. Known
or suspected binaries have been removed. The panels differ only in the scaling
of the y axis. In the bottom panel, our best-!tting mass–period relation for
inactive M dwarfs is also shown (solid line), along with lines indicating the
standard deviation in the residuals (dashed lines).

Figure 6. LH!/Lbol vs. Rossby number (Ro). We have corrected the H! EWs to
be measured relative to the maximum absorption level seen for M dwarfs of the
same mass, and used the # values from Douglas et al. (2014) to infer LH!/Lbol
from EW. For Ro we use the empirical calibration from Wright et al. (2011).
Data points are colored by their estimated stellar mass. We see saturation for
rapid rotators (small Ro), and a decline for slower rotators (large Ro).
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Lines are satura]ng in absorp'on.

Line strength is not mass 
dependent, only Rossby 
dependent.

Purely empirical, no modelling of 
B fields.

SaturaUon mechanism is at or 
below the photosphere 
• Consistent with Reiners et al. 

(2009) but uses photometric
rota]on periods and avoids 
modelling.

Young Old

Newton (2016)

Muirhead et al. (2020)



Proposed Mechanisms for the Saturation

• Coronal stripping (Jardine & Unruh 1999)
• At fast rota>on, B-field centrifugal stripping reduces density and 

cancels increase in temperature, leading to satura>on.

• Maximum spot filling factor (Vilhu 1984)
• An intrinsic limit to where you can put B-fields on the stellar 

surface.

• SaturaUon of the dynamo itself (Gilman 1983; Vilhu & 
Walter 1987)

Dynamo

Photosphere
Chromosphere

Corona



Next Steps: Atmospheric Modelling
• Two new efforts recently funded by NSF:

• Apply “spectral retrieval” used on L and T dwarfs to M dwarfs (with J. Fortney and M. 
Line).

• Add magnetic fields to atmospheric models used in APOGEE data (with K. Cunha and 
V. Smith).

• Both will tell us more about the saturation effects in the photosphere, but 
not where the mechanism is localized.

• How can we test whether the dynamo saturates (quenching)?



Some things I learned from ExoStar

• E. Newton was very helpful in understanding the state of the field.

• S. Berdyugina was very helpful with modelling (we skipped modelling 
in this result, but hoping to spin back up soon).

• J. Fuller was curious how the increased opacity would affect 
evolu]onary models (could it explain radius discrepancies?).
• I don’t know, but now I’m curious about Zeeman enhancement and H2O, a 

dominant opacity source for Ms.



Thank you to the ExoStar Organizers

• See our AJ paper at: arXiv:1912.01004


