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Suggested reading
• C. Johnstone et al. “Stellar winds on the 

main-sequence” A&A 577, A28 (2015).
• B. Wood “Astrospheres and solar-like stellar 

wimds”, Living Reviews in Solar Physics”, 1, 2 
(2004).

• L.A. Willson “Mass loss of cool stars” ARAA 
38,573 (2000).

• H. Lammer “Mass loss of water by solar wind 
erosion” Icarus 165, 9 (2003).

• B. Wood et al. “Evidence for a weak wind from the 
young Sun”, ApJL 781, L33 (2014).



Outline of this talk

• Why mass-loss rate measurements for low mass (i.e., 
convective) stars are important.

• Mass loss rates and acceleration processes in different parts 
of the H-R diagram.

• The astrospheric Lyman-α absorption technique for 
measuring mass-loss rates of solar-type and cooler dwarf 
stars. 

• Results: Mass-loss rates derived from  Lyman-α spectra and 
astrosphere models.

• Other techniques for estimating stellar mass-loss rates.
• The solar mass-loss rate does not depend on the magnetic 

field!
• Critical unresolved issues.



Why study the mass loss rates of the Sun 
and solar-like stars over time?

• Decrease in the stellar mass with evolution across H-R 
Diagram? (Could this explain the young Earth problem?)

• Large change in angular momentum (and thus dynamo 
generation of magnetic fields) due to large lever arm 
when magnetic fields control coronal structure.

• Charge-exchange ionization of neutrals (e.g., H2 and 
H2O) in young stellar disks → H2+ and H3+ → chemical 
processes including formation of large molecules.

• Erosion of planetary atmospheres when no planetary 
magnetic field (e.g., Mars beginning 3.9 Gyr ago).

• Empirical tests of stellar wind theories.





Thermal and wind escape rates from Mars in the present 
and past beginning at 3.9 Gyr (Lammer et al. 2003)

• Photodissociation of H20 
followed by charge exchange 
between solar wind ions and 
atmospheric H,  H2 and O  
produces H+ and H2+ and O+ 
that are picked up by the 
magnetic field in the wind. 

• Dissociative recombination 
leads to hot O atoms that 
escape: O2+ +e- →2O.

• Sputtering: kinetic energy from 
impact of solar wind particles 
kicks out O, CO and CO2.

• O also oxidizes the surface 
rocks.

• Total loss of H2O equivalent to 
an ocean covering all of Mars 
to 12m depth.

Thermal mass loss from heating of 
outer atmosphere by solar EUV 
and X-ray flux leading to the 
escape of light particles (H and H2). 
Jeans escape process is when 
particles in the high energy 
Maxwell-Boltzmann tail have 
enough kinetic energy to escape 
gravity. Hydrodynamic blow-off 
when large mass loss rates.

Nonthermal mass loss processes



Mass loss measurements across the H-R 
diagram (Cranmer & Saar 2011)



A very short primer on radiatively-driven 
mass loss from O and early B stars

• Strong UV+EUV radiation 
pressure at the wavelengths of 
absorption lines of many ions 
accelerates the wind.

• Basic paper by Caster, Abbot, 
& Klein (ApJ 195, 157 (1975)).

• Observe P Cygni line profiles 
(blue-shifted absorption from 
the expanding gas in front of 
the star and red-shifted 
emission from the gas behind.

• Measure mass-loss rates from 
bremsstralung (free-free) 
radiation at cm wavelengths.

• H. Lamers & J. Cassinelli 
“Introduction to Stellar Winds” 
Cambridge U. Press (1999).



A very short primer on dust and pulsation 
driven winds of luminous K and M stars

• L.A. Wilson “Mass loss of 
cool stars” ARAA 38, 573 
(2000).

• Radiation pressure on 
dust and dust-gas 
collisions accelerates 
winds of dusty stars.

• Sequential pulses in 
pulsating stars levitates 
the gas followed by 
hydrodynamic escape at 
low gravity.



A very short primer on winds driven by thermal 
(Parker type) and Alfven wave pressure

• Fundamental paper is 
Parker (ApJ 132, 821 
(1960)).

• Solve the hydrodynamic 
equations in a 
gravitational field with 2 
boundary conditions 
v(0)small and P(∞)=0.

• Only solution requires that 
the flow pass through a 
critical point vcrit=vesc(r) 
where ξφ=GMsunMH/4ckT0

• Similar solutions for 
Alfven wave force wind.

ξ=r/c  r=radial distance  c=scalelength

Φ=mHv2/2kT=kinetic/thermal energy

For Sun, vesc≈600 km/s (surface) and

v∞=400 (slow wind) to 800 (fast) km/s



Possible techniques for measuring the winds 
of F-M dwarf stars of different ages

• Send a spacecraft into an astrosphere? (Voyager 
could reach Alpha Cen in 100,000 yr.)

• Scale from observable coronal properties (X-rays, 
thermal and non-thermal radio emission)?

• Measure thermal radio emission (ALMA, eVLA)?
• Theoretical models (Parker-type winds with magnetic 

fields or MHD turbulent generated)?
• Chemistry in exoplanet atmospheres?
• Search for comet-like tails of exoplanets?
• Spectroscopic signature produced by a wind? Need 

a line that is very optically thick.



Does the sizzling planet have a 
cometlike tail?

• Prediction by Schneider et al. 
(1998):  interaction of stellar 
wind with ions escaping from 
planet.

• Prediction by Vidal-Madjar et 
al. (2003): Lyman-α radiation 
pressure on escaping H.

• Model of Schneiter et al. 
(2007): 3D hydro simulation of 
stellar wind ions and 
exosphere ions (assumed 
outflow speed of 60 km/s).

• Excess Lyman-alpha 
absorption now seen before 
(bow shock) and after 
(comet-like tail) transit.



What is an astrosphere?
• Stellar analog of the 

heliosphere.
• Interaction between the stellar 

wind and partially ionized ISM 
gas flow controls the physics.

• Solve the hydrodynamic 
equations for ions and 
neutrals, including charge 
exchange reactions between 
stellar wind ions and ISM 
neutrals.

• Magnetic fields will modify the 
plasma properties.

• Figure from Müller & Zank 
(2004). Original work by 
Baranov et al.

• IBEX data suggest that there 
is no bow shock in the 
heliosphere because velocity 
difference is too small.



Ṁ=0.2 Ṁ⊙

Ṁ=0.5 Ṁ⊙

Ṁ=1.0 Ṁ⊙

Ṁ=2.0 Ṁ⊙

Models of the  Cen Astrosphere



Maps of H I density in the astrospheres of stars due to 
interaction of the ISM and stellar wind (Wood et al. ApJ, 
628, L143 (2005)). Solid black line is sightline to Sun.





The effects of interstellar H and D Lyman-α 
absorption on a stellar emission line

• The D Lyman lines are Δv= -82 
km/s relative to H.

 0(H)=66,7000(D)
• Analysis is complicated due to 

uncertain intrinsic profile, flat 
curve of growth for H, multiple 
ISM velocity components.

• log N(HI)=18.24 to Capella
• Profiles of FeII and MgII lines 

contain important ISM velocity 
information.

• High resolution required (3 km/s 
very useful – HST/STIS).

• To measure D/H, FUSE was 
needed to go beyond the Lyα 
horizon (log N(HI)=18.7) using 
higher Lyman series lines.



Wood et al. (2002)

Journey of a Lyman-α Photon

Detailed central profile of late-type star 
has little influence since at the core of 
absorption.

log NH(LISM) < 18.7, otherwise 
obliterates any helio- or astrospheric 
signature.

Nearby DI line critical to constraining 
fit of LISM absorption (and constancy 
of D/H in Local Bubble).

Since HI is decelerated at heliosphere, 
the heliospheric absorption is always 
redshifted and the astrospheric 
absorption is always blueshifted.



Mass loss rates for Proxima Cen: right (solar H wall), left 
(stellar H wall) absorption (Wood et al. ApJ 547,L49 (2002))



Comparison of Lyman-α Profiles with hydrodynamic 
models assuming wind speed of 400 km/s and LISM 

parameters (Wood et al. ApJ 628, L143 (2005))



Limitations to the method: log N(HI)>18.7 or bad 
viewing angle (Wood et al. ApJS 159, 118 (2005))

Normalized Lyman-α profiles are 
(from top to bottom) log N(HI)=17.5, 
17.8, 18.1, 18.4, and 18.7.

Red boxes indicate detected 
astrospheres. Diamonds are 
non-detections. Triangles are 
lines of sight that not feasible. 
10/17 lines of sight to stars 
within 10 pc are detections.



Wood et al. 2005, ApJS, 159, 118

Detectability of Heliospheric Ly Absorption



Wood et al. 2005, ApJ, 628, L143

(2002)

(2005)



Stellar wind mass flux vs. X-ray surface flux: 
Why is there a break in slope at Fx=8x105?

• Wood et al. ApJL 628, L146 
(2005) updated.

• From analysis of Lyman-α 
astrospheric absorption.

• Power law correlation until 
Fx = 8x105, then a sharp 
drop. Why?

• ε Eri: Prot ≈ 11.7 days.
• ξ Boo A: Prot=6.43 days.
• Transition corresponds to 

activity level where polar 
spots become prominent.

• Large-scale magnetic 
geometry changes from 
solar-like (poloidal with 
isolated active regions) to a 
toroidal large scale field.



ṀFX1.340.18

Wood et al. 2005, ApJ, 628, L143; Wood et al. 2010, ApJ, 717, 1279

A Low Mass Loss Rate for 1 
UMa?



• Too few data points to clearly identify a break?
• The astrosphere method breaks down for very active 

stars?
• Winds of active stars may be strongest at the magnetic 

poles and the few active stars are observed pole-on?
• Active rapidly rotating stars have strong torroidal 

magnetic fields, which may suppress the mass-loss rates 
for these stars? (see Vidotto MNRAS 455, 52 (2015)) 

• On the Sun, the mass-loss rate is the same for regions 
of closed and open magnetic fields perhaps because at 
small spatial scales the magnetic field is not everywhere 
closed (i.e., f<1.0). For the most active stars, the 
magnetic fields may have filling factors very close to 1.0.

Possible explanations for why active stars 
(Fx>10^6) have modest mass-loss rates





The solar wind in time back to 700 
Myr (time of saturated X-ray flux)

• Power law fit to mass loss 
vs. X-ray surface flux,     

  ~ FṀ X 1.34±0.18 .

• Correlation of FX with age 
→  ~ tṀ -2.33±0.55 .

• Relation extends only to 
700 Myr (age of the 
Hyades).

• Total solar mass loss from 
700 Myr to now is <1%. 
(Not rhe explanation for 
the cold Earth problem.)



Other proposed methods 
(theoretical and semi-empirical) 
for estimating mass-loss rates of 

dwarf stars



A semi-empirical method for estimating mass-loss rates 
(Johnstone et al. A&A 577, A28 (2015)). Start with stellar 
angular momentum values Ω(t) from stars in clusters with 
known ages. Assume dM/dt~Ω^a, where best fit is a=1.33.
Normalize to the present solar rate M=1.4x10^{-14} solar 

masses/yr. Range depends on whether the star enters the 
MS as a fast or slow rotator. Comparison to Wood et al. 



Influence of the free parameter a on the angular 
momentum evolution of stars and the mass-loss rate with 

time (Johnstone et al. 2015). Left: Ω(t) for different 
assumed values of a. Right: dM/dt as a function of age.



MHD turbulence-driven wind 
models of Cranmer & Saar (2011)

• Follow energy from 
sub-photosphere to 
magnetically open 
regions in corona

• FA=ρv┴2VA

• VA2=1.13Beq2/4πρ
• f=filling factor
• ~FṀ A12/7 ~f0.7 ~Prot-1.3 for 

cool stars (hot 
coronae)



Dependence of  on age, TṀ eff and Prot 
in the Cranmer & Saar (2011) models

~tṀ -2.33  observational fit 
(Wood et al. 2005)



Could mass loss in coronal mass ejections (CMEs) 
dominate the total mass loss for active stars?

• Drake et al. (ApJ 764, 179 
(2013)) proposed an  vs LṀ x 
correlation based on solar data 
for CME mass and X-ray 
energy and a power law 
distribution of solar flare 
energies.

• Dashed line (upper plot) is 
=10Ṁ -10 (Lx/1030) Msun/yr.

• Red line (lower plot) is 
KECME=200Lx (most CME and 
flare energy is kinetic not 
X-rays!)



Implications of the CME mass loss rates

• Assume a power-law 
distribution of CMEs, 
dn/dE=kE-α

• ~ 5x10Ṁ -10 Msun/yr and 
EKE~0.1Lbol predicted for active 
dwarf stars (HUGE!).

• =4x10Ṁ -16Msun/yr predicted for 
the Sun (2% of observed solar 

). LṀ x~1027 for the active Sun,
• ṀCME increases with Lx relative 

to steady mass loss rates. 
• Efficiency of conversion of Lbol to 

kinetic energy must limit the 
energy in mass loss to 
0.01-0.01 Lbol and thus limit . Ṁ
For the Sun efficiency is 
0.5x10-6.



Evolution of the Solar X-ray and EUV Flux

Ribas et al. 2005, ApJ, 622, 680



Big Problem with 
understanding the -FṀ X 

relation



Yohkoh X-ray images of the Sun taken every 120 
days for 4 years beginning at the 1991 maximum



Big problem: The solar mass loss rate does not 
correlate with X-ray flux (Cohen MNRAS 417, 2592 (2011))

Solar observations 1996-2006. X-ray data 1-8 Å.



Solar wind , v, and nṀ e vs. LX  vary over 
time but no correlation of  with LṀ x



Big problem: The solar mass loss rate does not 
depend on the magnetic field configuration

• ~2x10Ṁ -14 Msun/yr with 
little variation over a 
solar cycle or 
between pole and 
equator.

• Fast speed wind in 
open field regions 
(~800 km/s).

• Slow speed wind in 
magnetically complex 
regions (~400 km/s).



The empirical correlation of  with LṀ x 
suggests that the Sun is not a useful role 
model for active and/or M dwarfs stars

• Stellar winds emerge from open magnetic field regions 
(Alfven surface where escape speed = Alfven speed)

• X-ray emission from hot plasma in closed field regions
• Mass loss rate should correlate with X-ray emission 

ONLY when the properties and area coverage of open 
field regions (Alfven surface) correlate with the properties 
and area coverage of closed field regions in the corona.

• This is NOT true for the Sun over a solar cycle.

• The observed -FṀ X correlation probably requires 
that more rapidly rotating solar mass stars have 
a different magnetic geometry than the Sun.



Magnetic field topologies of cool stars. Symbol size indicates relative 
magnetic energy (integral of B2 over stellar surface). Color indicates 

purely toroidal (blue) or poloidal (red) fields. Shape indicates that 
poloidal field is purely axisymmetric (decagon) or nonaxisymymmetric 

(star). Ro =Prot/tconv = Rossby number. (Donati + Landstreet 2009)



Critical unresolved issues

• We need more high-resolution Lyman-α stellar spectra, 
especially for active stars, log(fx)>6 (only HST/STIS).

• Are non-detections of winds using the astrosphere 
technique due to very small  or is the star embedded in Ṁ
ionized rather than neutral interstellar gas?

• Are the winds of M dwarfs significantly different from 
solar-type (F-K) stars?

• How does the strength and topology of stellar magnetic 
fields influence/control mass-loss rates?

• Do the present astrosphere models include all of the 
important physical processes?

• Why do active stars have only moderate mass-loss rates?
• How important are stellar CMEs for mass loss?



Additional slides



Mass loss rate for fully convective 
M dwarf stars (Vidotto et al. 2011)

• 3D MHD numerical simulations 
for the dM4 star V374 Peg 
(Prot=0.44 days) based on a 
surface magnetic field map 
(right).

• Magnetocentrifugal 
acceleration of the stellar wind. 
Very different from a 
Parker-type wind.

• ~4x10Ṁ -10 n121/2 Msun/yr.
• n12=coronal base density in 

units of 1012 cm-3. X-ray data 
suggest that n12=0.01-1,0.

• Bf=1660G =1000 times Sun.



Interesting results in the Vidotto et al. (2011) 
study of mass loss rates from M dwarfs

• Models show ~10Ṁ -10 Msun/yr, about 10,000 times 
the solar rate.

• A factor of 5 dispersion in  depending on the Ṁ
assumed coronal base n12.

• Terminal velocities 1500-2300 km/s.
• Rotational braking time scale τ≈28n12-1/2 Myr
• But there is no observational evidence for the 

high mass loss rates (Prox Cen and EV Lac 
have measured ≤10Ṁ -14 Msun/yr). But these stars 
do not rotate rapidly.

• Very large Lwind/Lbol for mapidly rotating M dwarfs. 



(2002)

(2005)

1 UMa          G1.5 V       14.4     34       42     0.5   28.96     0.94

Mg II k



ṀFX1.340.18

Wood et al. 2005, ApJ, 628, L143; Wood et al. 2010, ApJ, 717, 1279



Semi-empirical mass loss scaling laws

• Reimers (1977): =ηLR/MṀ  (solar units) 
η=1.4x10-13 Msun/yr (dimensional scaling 
calibrated by empirical mass loss rates in the     
α Her system, but no physics).

• Schröder & Cuntz (2005): 
=ηLR/M(TṀ eff/4000K)3.5(1+gsun/4300gstar) 

η=(8±1)x10-14 Msun/yr calibrated by empirical 
mass loss rates for red giant stars. (This formula 
results from an estimate of the available 
turbulent energy (Teff term) and the extent of the 
chromosphere (gravity term). 

• Note: =(1-2)x10Ṁ -14 for Sun.



Theoretical magnetized wind model 
of Holzwarth & Jardine (2007)

• Follows the Weber & 
Davis (1967) model with 
empirical  B, Prot , Twind.

• Location and conditions 
at the Alfvenic point 
control  along field lineṀ

• ~FṀ Xα α<1.34 (α=-2.33, 
Wood et al 2005).

• To get >10Ṁ ṀSun need 
to greatly increase 
coronal densities. Solid line: close to solar coronal n, T

Dashed line: increased coronal n, T



What is the mass loss rate of π1 UMa? 
(young G1.5 V star, Lx~1029 erg/s)

• Mass loss formula of Wood et al. (2005): 2x10-12 Msun/yr.
• CME relation (Drake et al 2013) predicts 3x10-12 Msun/yr.
• New astrosphere analysis: 1x10-14 Msun/yr Wood et al. in 

prep).
• Radio free-free upper limit is <5x10-11 Msun/yr (Gaidos et 

al. 2000).
• Either strong, closed magnetic topology reduces mass 

loss rates in active stars (suggested by the astrosphere 
measurements).

• And/or, π1 UMa is surrounded by ionized ISM and there 
is no charge exchange and no H wall (astrosphere model 
does not work). π1 UMa (l=151°, b=36°, d=14 pc) may be 
inside the Strömgren sphere of G191-B2B (l=158°, b=7°, 
d=60 pc) and ε CMa (l=240°, b=-11°, d=140pc).



π1 UMa galactic coordinates l=151°, b=+36. Interstellar 
radial velocities: v(LIC)=+12.0 km/s, v(Hyades)=+2.7, 
v(Aur)=+5.3. Possible additional absorption to blue of LIC.



How does increasingly rapid rotation change the 
observed magnetic field strength and topology for 

a solar-mass star?

• More rapid rotation increases the emergence of magnetic 
flux (Bf) at the stellar surface. Bf≈1/R0 and saturates at 
R0≈0.1 (Prot ≈ 2 days). 

• B≈Beq≈constant in photosphere (except starspots and very 
active stars), so only f increases. This leads to more tightly 
packed flux tubes and (probably) feedback on convective 
motions.

• When Prot is >25% faster than the Sun, strong toroidal 
fields develop (e.g., ξ Boo A, Prot=6.43 days).

• When rotation is faster (e.g., EK Dra with Prot=2.6 days), 
the topology is toroidal and nonaxisymmetric poloidal with 
large polar starspots.

• Theoretical models of mass loss for main sequence stars 
with different magnetic topologies are needed.



Wood et al. 2002, ApJ, 574, 412



Müller (2004)

Interaction of Stars with their LISM
Heliosphere is the structure caused by the momentum 
balance (v2) between the outward moving solar wind 
and the surrounding interstellar medium.

Magnetized solar wind extends out to heliopause, 
diverts plasma around Solar System, and modulates 
the cosmic ray flux into Solar System.  

Most neutrals stream in unperturbed, except neutral 
hydrogen, which due to charge exchange reactions, is 
heated and decelerated forming “Hydrogen Wall” 
(log NH (cm-2) ~ 14.5).

Reviews of heliospheric modeling: Wood (2004), 
Zank (1999), and Baranov (1990).  

Reviews of interaction of LISM with heliosphere: 
“Solar Journey” Frisch (2006), and Redfield (2006)
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