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FOR THE FUNDAMENTALS

• My personal recommendation 
for the fundamentals of 
acquiring and interpreting 
stellar spectra.

• Includes the basics of stellar 
atmosphere models.



I OWN JASON WRIGHT’S COPY

• My personal 
recommendation for 
the fundamentals of 
acquiring and 
interpreting stellar 
spectra.



I OWN JASON WRIGHT’S COPY



KEITH IS RIGHT, 
IT IS A DARK ART



ATTEND THIS SUMMER SCHOOL
• Annual early-career 

workshop on 
Modules for 
Experiments in Stellar 
Astrophysics (MESA).

• Great for 
understanding the 
fundamentals of 
stellar 
evolutionary 
models.

The 6th Annual MESA Summer School will be held August 14-18, 2017 at
UC Santa Barbara. Though extensive hands-on labs, participants will gain
familiarity with MESA and learn how to make better use of  MESA in their own
research. Featured MESA topics include planets, binaries and much more with
Leslie Rogers, Jonathan Fortney, Selma De Mink, and Pablo Marchant. See the
Agenda for additional information. Enrollment is limited and the Application period
closes March 1, 2017.

MESA has attracted over 900 registered users and provides a portal for the stellar
community to openly share knowledge. The instrument papers MESA I, MESA II,
and MESA III describe MESA. Summer Schools were previously offered in 2016,
2015,  2014,  2013, and 2012.

2017 MESA Summer School : August 14 - 18
Home Application Agenda Lodging Participants Directors Feedback

10/5/17, 3)04 PM
Page 1 of 1



Figure from Veyette, Muirhead, Mann et al. (submitted)

Spectra contain an enormous amount of information (not just RV!)

M Dwarfs in Y Band (Keck-NIRSPEC)



REDUCE TO A HANDFUL OF 
PARAMETERS

• Spectral Type

• Effective temperature

• Surface gravity 

• Abundances



REDUCE TO A HANDFUL OF 
PARAMETERS

• Spectral Type

• Effective temperature

• Surface gravity 

• Abundances
Lots of data -> few desired 

parameters 
(e.g. hurricane landfall)

Bound to have disagreements



• Spectral Type

• Effective temperature

• Surface gravity 

• Abundances

From PYHAMMER (Kesseli et al. 2017)



SPECTRAL TYPE

The Hammer (Covey et al. 2007)

• A “by eye” 
process ever 
since Annie 
Jump Cannon.



SPECTRAL TYPE

• Recently, new 
software developed 
to auto-spectral type 
large data sets.

• PYHAMMER 

• Kesseli et al. 2017

https://github.com/BU-hammerTeam/PyHammer



SPECTRAL TYPE: LIMITS OF USE
• Fundamentally qualitative.

• The boundaries between spectral 
types are arbitrary and depend 
on spectral resolution

• K-M transition is the onset of 
oxide molecular features.

• But the Sun has oxide molecular 
features at high resolution…

• M-L transition is not a 
substellar transition (more on 
that this afternoon).

From PYHAMMER (Kesseli et al. 2017)

BOSS Empirical Templates 11
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Fig. 6.— Sample of the template spectra for the main-sequence, low-mass spectral types at solar metallicity ([Fe/H] = 0.0).
The spectra are all normalized at 8000 Å, and a constant is added to each template to improve readability. The late-type M and
L stars have di↵erent scales because most of their flux is concentrated red-ward of 8000 Å, where the normalization occurs. We
therefore put them on a separate set of axes, so they would not dominate the other low-mass stars. All of the low-temperature
templates are available in FITS format in the online journal

in the metallicity was 0.4 dex. Visual spectral typing
allows for direct comparison between input spectra and
our empirical templates in an easy to use GUI. The code
is available on GitHub4.
The library of empirical stellar spectra will be impor-

tant for a wide range of research topics from extragalac-
tic to galactic astronomy, planetary system stellar char-
acterization, and even as an astronomical teaching tool.
With large photometric surveys such as LSST, machine
learning techniques will become increasingly important
to quickly characterize large amounts of data. Along
with releasing our templates, we will provide lists of the

4 github.com/BU-hammerTeam/PyHammer

individual BOSS spectra co-added to construct each tem-
plate. This combination of information will be an ideal
training set for machine learning, and can extend the
work of Miller (2015) on F, G, and K stars to both higher
and lower mass stars. The templates also provide the
necessary tool for characterizing stellar populations in
other galaxies, especially for studies of the IMF. Scrutiny
of the low-mass end of the IMF, has led many people to
suggest it changes form in di↵erent environments (i.e.
di↵erent metallicity environments). Our catalog repre-
sents the first empirical template library with metallic-
ity and surface gravity separation for low-mass (M-type)
stars. The catalog and the new “PyHammer” spectral
typing facility will be a useful tool for the community as



SPECTRAL TYPE: THE MERITS

• But it places 
your 
exoplanet 
hosts in 
context.

From PYHAMMER (Kesseli et al. 2017)



SPECTRAL TYPE: THE MERITS

• Consider that 
when AD Leo 
flares, it goes from 
an M dwarf to 
an A star.

Hawley et al. 2003

What is the spectral type of Proxima Centauri during a flare?
A young TRAPPIST?

(Ask Davenport et al.)



• Spectral Type

• Effective 
temperature

• Surface gravity 

• Abundances

L
bol

= 4⇡R2�T 4

E↵



As defined, effective 
temperature is the 

bolometric surface 
brightness of a star in 

units of Kelvin

L
bol

= 4⇡R2�T 4

E↵• Spectral Type

• Effective 
temperature

• Surface gravity 

• Abundances



As defined, effective 
temperature is the 

bolometric surface 
brightness of a star in 

units of Kelvin

Historically inferred from 
from the shape of a 

spectrum or a color (B-V)

L
bol

= 4⇡R2�T 4

E↵• Spectral Type

• Effective 
temperature

• Surface gravity 

• Abundances



Solar Profiles from B. Ryden’s Textbook



• Spectral Type

• Effective temperature

• Surface gravity 

• Abundances

Kesseli et al. 2017

DWARF-GIANT DISCRIMINATION: BY EYE



• Spectral Type

• Effective temperature

• Surface gravity 

• Abundances

Precise log(g) historically 
deduced from the location 

on a HR diagram (requiring a 
parallax)

Hipparcos, (credit: B. Ryden)



• Spectral Type

• Effective temperature

• Surface gravity 

• Abundances

With TEff (from color) and 
log(g) (from parallax), a high-

resolution spectrum can tell you the 
abundances from the curve of 

growth

The Old School
Figure from Rutten (2003)



• Spectral Type

• Effective 
temperature

• Surface gravity 

• Abundances

The New School (1990+)

Let’s fit all three at once, 
directly from spectra.

If you have a parallax, that helps, 
but not required.

E.G. Spectroscopy Made Easy 
(SME)

Similar approaches include SPC, 
VWA, ROTFIT
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Fig. 1.— Graphical representation of the analysis flow. Observables in the top row are paral-
lax, apparent visual magnitude, a high-resolution spectrum, and measured radial velocities.

The left side shows the spectroscopic (SME) and isochrone (Y2) analysis, while the right
side shows the orbital analysis (RVLIN). Symbols for derived quantities are as described in
the text, but with Fe for [Fe/H], α for [α/Fe], τ for age, and g′ for giso. The arrow pointing

up to the g′ = giso decision diamond illustrates a new outer loop that enforces consistency
between spectroscopic and isochrone gravities. (A color version of this figure is available in

the online journal.)

Valenti	et	al	2009



SME at work
Piskunov et al. 





• Spectral Type

• Effective 
temperature

• Surface gravity 

• Abundances

For M dwarfs, this 
approach is not as 
straightforward.

But there has been 
substantial progress 
over the last decade.



M DWARF SPECTROSCOPY

• Continuum opacity 
sources no longer 
dominate

• Not enough 
electrons for H-

• Opacities are 
blended molecular 
transitions

Allard et al. (2012)



M DWARF SPECTROSCOPY
• Two approaches:

• Empirically calibrate spectral indices to Teff, log(g) and 
abundances sing FGK + M systems

• Bonfils et al., Rojas-Ayala et al., Mann et al., Newton et al., Terrien et 
al.

• Errors in FGK analysis are propagated!

• Fit models directly to spectra

• Souto, Cunha et al., Tsuji et al., Tsuji & Nakajima



Souto, Cunha et al. (2017)



• Spectral Type

• Effective 
temperature

• Surface gravity 

• Abundances

The Newer New School 
(2010+)

Combined measured spectra of 
touchstone stars to match 

measured spectrum of the target.

SpecMatch: Petigura et al. 
(2017)

Applied to Barnard’s Star (M4)



ATMOSPHERE MODELS +
EVOLUTIONARY MODELS

• By combining best fitted 
atmosphere parameters 
with predictions from 
evolutionary models, 
stellar mass, radius and age 
can be determined.

• (Just remember, 
evolutionary models have 
atmosphere models built in)

Muirhead et al. (2014a)



ABUNDANCES, ABUNDANCES, 
ABUNDANCES

• With Gaia luminosities on the horizon, 
abundances become the most important 
stellar parameter from spectroscopy.

• Trigonometric parallaxes are 
empirically calibrated to masses 
and radii for main-sequence stars.

• Spectroscopy becomes less useful in this 
regard, but abundances are still critical.



ABUNDANCES: FORMATION 
MECHANISMS FOR DIRECTLY IMAGED 

PLANETS
• Do directly imaged planets 

have the same C-to-O 
ratios as their host stars 
(indicating gravitational 
collapse)?

• Or different C-to-O ratios 
(indicating disk-based core-
accretion)?

• Keck-NIRSPEC program 
led by M. Bryan



ABUNDANCES: SOLVING THE SUB 
GIANT MASS CONTROVERSY

Lloyd 2011

• Lloyd 2011 argued that 
sub-giant exoplanet host 
masses from Johnson et al. 
are overestimated.

• Implicit to the argument is 
that the sub-giant 
abundances are 
systematically in error.



ABUNDANCES: 
AGING FGK STARS

• In the absence of 
asteroseismic data, 
metallicity is required 
to determine stellar 
ages.

• Dartmouth 
Evolutionary models



ABUNDANCES: AGING FGK 
STARS

• In the absence of asteroseismic ages, metallicity is 
required.

MESA Model of a Sun-like Star
 (I ran it this morning.  It’s super easy.)



ABUNDANCES: MEASURING 
M DWARF AGES

• M Dwarfs are 
notoriously difficult 
to age.

• Change by less than 
0.1% in luminosity 
and 1 Kelvin in Teff 
every Gyr

• Compare to FGK 
stars (~5 % in 
luminosity every Gyr)

No. 1, 1997 THE END OF THE MAIN SEQUENCE 423

FIG. 1.ÈEvolution in the Hertzsprung-Russell diagram for a star of mass Each small Ðlled circle delineating the evolutionary trackM
*

\ 0.10 M
_

.
represents a separate converged model. The star begins its evolution on a preÈmain-sequence Hayashi track and ends up as a helium white dwarf, cooling
into obscurity. The inset diagram shows the chemical composition of the star over the course of its evolution ; the mass fractions in H, 3He, and 4He are
plotted as functions of time.

and more luminous. After 1.38 ] 1012 yr, the star has a
mass fraction in 3He of 9.95%, which constitutes a
maximum value. At this moment, the central temperature is
4.8 ] 106 K. At later times, the 3He is consumed faster than
it is produced and the mass fraction declines.

The buildup of 3He has an interesting e†ect on the star.
As 3He accumulates, the nuclear energy generation rate at a
particular temperature and density increases. The core is
therefore able to expand and steadily reduce its density,
even in the face of a slowly increasing total luminosity. As
the hydrogen mass fraction of the star drops from its initial
value of to the central density decreasesX

H
\ 0.7 X

H
\ 0.5,

from 309 to 204 gm cm~3. The temperature in the core
during this epoch rises slowly from 4.4 to 5.1 million
kelvins.

Between 1.5 and 4 Gyr, the mass fraction of 3He declines
steadily, eventually reaching the structurally negligible
values associated with equilibrium PPI burning. During
this broad main-sequence phase, the star is methodically
turning itself into 4He. After 3.05 Gyr, 4He comes to domi-
nate the mass fraction. At this point the photosphere has
heated to a temperature of K and the luminosityT* \ 2500
is just less than 0.1% of the current solar value.

As the amount of available hydrogen per gram dimin-
ishes, the energy generation rate at a particular temperature
and density declines. The central regions are compelled to
grow denser and hotter in order to satisfy the energy
demands of the star. After 5.74 Gyr, the star con-
tains only 16% hydrogen by mass, the surface temperature

is K, and the luminosity isT* \ 3450 log
10

[L */L
_

]\
[2.54. This point represents a critical juncture in the evolu-
tion of the star. The increasing helium fraction lowers the
opacity to the point where radiative transport is capable of
transmitting the energy Ñux, and convection ceases in the
center. This development of a radiative core, which soon
spreads through the nuclear burning region, almost imme-
diately Ðxes the composition of the envelope. The unchang-
ing envelope composition in turn allows for the
development of a mild composition inhomogeneity, as the
remaining hydrogen in the radiative core is rapidly con-
verted into helium. The development of the radiative core
causes the entire star to contract slightly and produces a
mild but sudden decline in luminosity. This behavior can be
seen on the evolutionary track in the Hertzsprung-Russell
diagram.

Once the radiative core has developed, the near-eternal
youth of the star draws to a close, and the evolutionary
timescale accelerates. The central regions become isother-
mal as hydrogen is exhausted, and the core steadily
increases in mass as a modest nuclear shell source works its
way outward through the star. The shell-burning source is
located within the radiative region of the star, and so the
envelope composition continues to remain Ðxed. The evolu-
tion of the star in the H-R diagram during this phase is
toward rapidly higher temperatures. The unassuming 0.10

red dwarf stars of today will eventually grow hotterM
_than the current Sun, although they will never be more than

D1% as bright. Evolution to higher temperatures occurs

Laughlin et al. (1997)



ABUNDANCES: MEASURING 
M DWARF AGES
A&A 560, A109 (2013)
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Fig. 8. Top panel: [α/Fe] vs. age for stars in the sample. The solid black
line separates the thin and thick disk populations. The yellow dots rep-
resent the oldest stars that are on the thin disk sequence in the [α/Fe]–
[Fe/H] plane (see the lower panel), and for which age could be deter-
mined. These objects fall in the part of the age–[α/Fe] distribution that
corresponds to the thick disk (above the line). Bottom panel: [α/Fe] vs.
[Fe/H] for the same sample and with the symbols indicating the same
population of stars as above. This illustrates how the two sequences are
separated in this plane.
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Fig. 9. Metallicity as a function of age for stars in the sample. Symbols
as in the top panel of Fig. 8. When thin disk metal-poor stars (yellow
dots) are not considered, the age–metallicity relation of thick disk stars
(blue solid circles) is obvious. The two objects at [Fe/H] < −1.0 dex and
age ∼ 9 Gyr are HIP 54641 and HIP 57360. See text for details.

3.5. Kinematics

3.5.1. Age–vertical velocity dispersions

Figure 11 shows the W velocity component as a function of
[α/Fe] and age, for the stars in the sample. The two curves
in each panel are the running dispersion in the W velocity
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Fig. 10. [α/Fe] vs. [Fe/H] for the stars in the sample of Adibekyan
et al. for which a robust age could be derived. The color and the size
of the symbols both code the age of the stars, to emphasize the age
stratification of the distribution of stars within this plane.

calculated over 50 points. The dispersion along the thin disk se-
quence increases from about 9 ± 1.5 km s−1 to 35 ± 6 km s−1,
while in the thick disk sequence, the dispersion varies from
22± 3.7 km s−1 to 50± 8.3 km s−1. It is interesting to note that it
is the group of old, metal-poor thin disk stars that is responsible
for the higher dispersion of 35 km s−1 in the thin disk sequence.
When these objects are discarded by selecting thin disk sequence
stars with [Fe/H] > −0.3 dex (−0.4 dex), the vertical dispersion
rises to only 22 km s−1 (27 km s−1). This is confirmed by the
data shown in the right panel, where the vertical dispersion rises
to about the same values at age ∼ 8 Gyr.

The zmax values corresponding to the vertical velocities are
plotted as a function of [α/Fe] and age in Fig. 12, clearly il-
lustrating the decrease in scale height within the thick disk
population.

The so-called age–σW relation, which has been investigated
intensely in the hope of measuring a saturation value or a step
that would indicate a transition from the thick to the thin disk,
mixes stars of different provenance and which for a given age,
have different vertical dispersions. In mixing stars of different
provenance, finding a transition may be spurious. We note that
stars along the thin disk population with ages of ∼8 Gyr have
similar dispersion as stars along the thick disk sequence with
ages of ∼9−10 Gyr, probably due to the same process of verti-
cal heating. Paradoxically, stars of the metal-poor thin disk, also
being 9−10 Gyr old, have a dispersion higher than that of the
thick disk of the same age. Therefore, we should not be sur-
prised that samples comprising different amount of metal-poor
thin disk, “young” thick disk, and old thin disk, would produce
different overall σW at a given age, being a mix of stars of dif-
ferent populations with different vertical energies. We emphasize
that discussing an age–σW relation is meaningful only if the con-
tributions of the different components are properly disentangled.

The fact that metal-poor thin disk stars have higher verti-
cal velocity dispersions, together with their probable outer disk
origin, suggests the intervention of some dynamical mechanism
operating in the outskirts of the disk that may add some ex-
tra vertical kinetic energy. A warp could produce an increase
in the velocity dispersion. Specific signatures, as an asymmetry
in the distribution of vertical velocities, have been searched on
local data, with contradictory results (Dehnen 1998; Seabroke
& Gilmore 2007). The mean of the vertical velocities of our
metal-deficient thin disk stars is 2 km s−1, compatible with no
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• If M dwarfs follow 
FGK trends, alpha-
enrichment 
should age M dwarfs 
with uncertainties of 
1Gyr.



ABUNDANCES: MEASURING 
M DWARF AGES

Similar correlations from Bensby et al. (2014)
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with uncertainties of 
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• If M dwarfs follow 
FGK trends, alpha-
enrichment 
should age M dwarfs 
with uncertainties of 
1Gyr.

Kepler-444

“An ancient star with 5 Sub-Earths”
Ti/Fe consistent with asteroseismic age

Campante et al. (2015)



Alpha content  
in M dwarfs 

vs. wavelength

Muirhead et al. (2014a)



TI IN M DWARFS

Veyette, Muirhead, Mann et al.  (submitted)



ABUNDANCES: MEASURING 
M DWARF AGES

• With Ti from Veyette (2017), we can determine the 
timescale for M dwarf spin flip

MEarth 
rotation 

periods from 
Newton et al. 

(2015)
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SOME POINTS TO TAKE HOME

• Spectral type is not useless

• Abundances disentangle overlapping regions 
on the HR diagram.

• Alpha enhancement (e.g. [Ti/Fe]) may enable 
measurements of M dwarf ages.



SPECTROSCOPY

• Fraunhofer lines (1814): Astronomy becomes Astrophysics


