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Overview

• Spectroscopy:  extracting information
• Surveys: APOGEE, RAVE, 

SDSS/SEGUE/BOSS, Gaia-ESO …
• Spectral classification
• Radial velocities
• Automated spectral analysis

Tuesday, August 27, 
2013



Spectroscopy
Low-resolution
1. Spectral typing
2. Coarse Radial 

velocities
3. Parameters, 

especially logg 
and Teff -- but 
beware of E(B-V)

High-resolution
1. Parameters
2. Very precise 

radial velocities
3. Detailed chemical 

compositions



Relevant parameters
• Atmospheric parameters: those needed for 

interpreting spectra, usually: Teff, logg, [Fe/H]
   (Sometimes: R, micro/macro, E(B-V), v sin i)
• Chemical abundances 
    Li, Be, B, C, N, O, F, Na, Mg, Al, Si … 
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Guess 
Parameters  

Model 
atmosphere

Radiative 
transfer 
calculations to 
predict 
spectrum

Compare 
precited and 
observed 
spectra



Basics: radiative transfer
dI/dτ = I – S
S (and τ) includes microphysics 

(S includes an integral of I)

T, P, ρ



Basics: Model 
atmospheres

• Hydrostatic equilibrium (dP/dz = -gρ)
• Radiative equilibrium (or energy 

conservation)
• Local Thermodynamical equilibrium (source 

function = Planck function)
• Scaled solar composition



Teff

• F = σTeff4

• F R2 = f d2  

• Can be directly determined from 
bolometric flux measurements f and 
angular diameters (2R/d)
hard but spectacular progress 
recently

• Photometry: model colors, IRFM
• Spectroscopic: line excitation, Balmer lines
• Spectrophotometric: model fluxes



logg

• Gravitational field compresses the gas 
giving a nearly exponential density 
structure (pressure)

• Hard to get with accuracy: the spectrum is 
only weakly sensitive to gravity

• Photometry: ionization edges (Saha), 
molecular bands, or damping wings of 
strong metal lines

• Spectroscopy: ionization balance (e.g. 
Fe/Fe+) or colisionally-dominated line wings

• Stellar structure models (luminosity)



[Fe/H]

• An oversimplification
• High sensitivity of the spectrum (can also 

be derived from photometry including 
blue/UV), but highly model dependent

• Need many weak lines, good atomic data, 
good spectra, and a good model



More…  R, micro/macro 
E(B-V), v sin i
• R needed for spherical models
• Micro- macro-turbulence needed for 

hydrostatic models
• E(B-V) needed in 

photometry/spectrophotometry data are 
involved

• Rotation cannot be ignored, but hard to 
disentangle from other broadening 
mechanisms in late-type stars



Finally, chemical 
abundances

• UV Atomic continuum opacities

• Line absorption coefficients: damping 
wings

• Atomic and molecular data



Lawler, Sneden
& Cowan 2004



 Spectral line formation
• UV Atomic continuum opacities
• Line absorption coefficients: damping wings
• Atomic and molecular data
• NLTE



Allende Prieto, Hubeny & Lambert 2003Na I



MISS
Multiline Inversion of Stellar 
Spectra



Using the chemical 
abundance information

The Golden Rule

The Surface Composition of a star reflects that of the
 ISM at theTime the star formed



Golden rule applies? yes
• Galactic structure and chemical 

evolution



Golden rule applies? yes
• Galactic structure and chemical evolution
• Solar Structure



Golden rule applies? yes
• Galactic structure and chemical evolution
• Solar Structure
• Cosmology: 1H, 2H, 3He, 4He, 7Li, 6Li



BBN

Figure from Edward L. Wright 



Golden rule applies? yes
• Galactic structure and chemical evolution
• Solar Structure
• Cosmology: 1H, 2H, 3He, 4He, 7Li, 6Li
• SN yields



R-process is universal

Sneden et al.  
2003



Golden rule applies? NO
• Diffusion (Sun, CPs, accretion, SN yields 
again)



Secondary stars in BH/NS 
binary systems

Gonzalez-Hernandez 
et al. 2005

Centaurus X-4



Golden rule applies? NO
• Difusion (Sun [M/H]-0.07 dex, CPs, accretion, 

SN yields again)
• Mixing and destruction (Li, Be)



Golden rule applies? NO
• Difusion (Sun [M/H]-0.07 dex, CPs, accretion, 

SN yields again)
• Mixing and destruction (Li, Be)
• RV Tauri stars



Giridhar et al. 
2005



Surveys

• SDSS-III APOGEE
• RAVE
• SDSS, SDSS-II/III SEGUE and SDSS-III BOSS
• Gaia-ESO

Tuesday, August 27, 
2013



APOGEE
• H-band (1.5-1.7 µm) high-res. R=22,500 

spectroscopy
• 300 fiber/stars spectrograph
• 1e5  stars (3 yr bright-time survey)
• Part of SDSS-III
• Focused on the bulge (when visible from APO) 

and the disk, but also halo fields
• See  yesterday’s talk slides by Diane Feauillet 

and Damian Fabbian

Tuesday, August 27, 
2013
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The APOGEE Instrument



• May 11-22: First full APOGEE bright run.

Below: First APOGEE+Sloan 2.5-m observations of Galactic bulge.



Sample APOGEE Spectra
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Anticipated Spatial Distribution

For currently selected fields

Bulge   8000 stars

Thin disk 84100 stars

Thick disk   4300 stars

Halo   4500 stars

79% giants

YOU ARE
HERE
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Observations to Date

September 2011-January 2013 “Science” Observations (~229 nights):
 ~900 “successful” visits (~1 hour each)
 ~49% of needed survey visits!
~300,000 spectra

We’re more or less on track!

Bulge star, [Fe/H] ~ -0.2



1. Reduction pipeline (team of 2!)
2. Chemical abundances pipeline 

(team of 4!)
Additional software teams: data 

acquisition, target selection
All pipelines run in small linux 

clusters 

APOGEE’s two pipelines



Sample



RAVE

Tuesday, August 27, 
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• 10 years of operation
• 0.5 million stars with 9<I<12
    (V<14 mag)
• R=7500      840-880 nm
• DR3 (2011): parameters for 
    40,000 stars and RVs for 80,000 stars



SDSS, SDSS-II (SEGUE), 
SDSS-III (SEGUE-II/ BOSS)

• 2.5m at Apache Point Observatory



• 7 sqr. deg FOV
• a massive imaging 
   camera
• 2 dual-arm 
  high throughput
  multi-object
  spectrographs



SDSS spectroscopy
• Fiber fed (640 fibers, now 1000!)



SEGUE-2

Kinematics 
and metallicities 
throughout 
the Galaxy



BOSS 
Baryon Oscillation Spectroscopic 
Survey 

 Dark Energy and the Geometry of 
Space

• http://www.sdss3.org/surveys/boss.php
 

• The SDSS-III's Baryon Oscillation 
Spectroscopic Survey (BOSS) will 
map the spatial distribution of 
luminous red galaxies (LRGs) and 
quasars to detect the characteristic 
scale imprinted by baryon acoustic 
oscillations in the early universe. 

• Sound waves that propagate in the 
early universe, like spreading 
ripples in a pond, imprint a 
characteristic scale on cosmic 
microwave background fluctuations. 
These fluctuations have evolved 
into today's walls and voids of 
galaxies, meaning this baryon 
acoustic oscillation (BAO) scale 
(about 150 Mpc) is visible among 
galaxies today. 

• This concept is illustrated in the 
figure (some of the relative scales 
have been exaggerated for 
illustration purposes) 

(Illustration courtesy of Chris Blake and Sam Moorfield) 



BOSS at a glance
• Dark time observations
• Fall 2009 - Spring 2014
• 1,000-fiber spectrograph
• Resolution R~2000
• Wavelengths 360-1000 nm
• 10,000 square degrees
• Redshifts of 1.5 million luminous galaxies to 

z = 0.7
• Lyman-α forest spectra of 160,000 quasars 

at redshifts 2.2 < z < 3



SDSS spectroscopy

http://www.sdss3.org/surveys/boss.php
http://www.sdss3.org/surveys/boss.php


103,000 BOSS spectra 
in a single month! March 2012



103,000 BOSS spectra 
in a single month! March 2012



SDSS spectra: about 8e5 
to date!

Tuesday, August 27, 
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The Gaia-ESO Survey
• Homogeneous spectroscopic survey of 

105 stars in the Galaxy
• FLAMES@VLT: simultaneous GIRAFFE + 

UVES observations
• 2 GIRAFFE spectral settings for 105 stars
• Unbiased sample of 104 G-type stars 

within 2 kpc 
• Target selection based on VISTA (JHK) 

photometry
• Stars in the field and in ~ 100 clusters



High-resolution: UVES



High-resolution: UVES

mailto:FLAMES@VLT


High-resolution: UVES



High-resolution: UVES

Hill et al. 2002:  An r-element enriched metal-poor giant 



Low-resolution: GIRAFFE



Low-resolution: GIRAFFE

MEDUSA 
mode



Low-resolution: GIRAFFE

100 stars



Low-resolution: GIRAFFE



3  Observation/Analysis
• Ø (8m VLT), Coverage (broad UVES 

coverage, at least 2 GIRAFFE setups), 
multiplexing (~100 objects on GIRAFFE 
and ~10 on UVES), R (low and high)

• Data Reduction (ESO pipelines, completed 
with software at CASU/Univ. of Cambridge 
and ARCETRI)

• Analysis: From Ews to line profiles 
(classical)

• Neural  networks, genetic algorithms and 
other optimization schemes (some teams)



The field stars 
• Mid-resolution GIRAFFE spectra 

(R~12,000) for 105 stars to V < 20 (mostly 
in the Gaia RVS gap)

•  GIRAFFE HR21 (Ca II IR triplet) + HR10 
(~540 nm) with 10<S/N<30 to yield 
atmospheric param., radial velocities, 
limited chemistry

• UVES spectra for 104 G-type stars to V<15 
with S/N>50 to yield detailed atmospheric 
parameters , high-precision radial 
velocities and 11+ elemental abundances



Breakdown by population
• Bulge: bright (I~15) K-giants with 2 

GIRAFFE settings at 50<S/N<100
• Halo/Thick disk: F-type turn-off stars (SDSS 

17<r<19)
• Outer thick disk: F-type turnoff (75%) and 

K-type giants at intermediate galactic 
latitude

• Thin disk (I~19) from 6 fields in the plane 
with HR21-only data  (+ UVES sample)



The cluster stars
• Cluster selection from Dias et al. (2002), 

Kharchenko et al. (2005), WEBDA 
catalogues, supplemented by 
exploratory program at Geneva

• Only clusters with membership 
information considered

• Nearby (<1.5 kpc; down to M-dwarfs) 
and distant clusters (giants only) will be 
observed, sampling a wide range in age, 
[Fe/H], galactocentric distance and 
mass

• 6 GIRAFFE settings 
(HR03/05A/06/14A/15N/21) down to 
V~19

• + UVES sample down to V~16



The cluster stars
• Cluster selection from Dias et al. (2002), 

Kharchenko et al. (2005), WEBDA 
catalogues, supplemented by 
exploratory program at Geneva

• Only clusters with membership 
information considered

• Nearby (<1.5 kpc; down to M-dwarfs) 
and distant clusters (giants only) will be 
observed, sampling a wide range in age, 
[Fe/H], galactocentric distance and 
mass

• 6 GIRAFFE settings 
(HR03/05A/06/14A/15N/21) down to 
V~19

• + UVES sample down to V~16



Observations and 
Calibration

• Visitor mode observations 
     -- started December 2011
• 300 nights over 5 years (~1500 

pointings)
• Target selection will be largely based on 

VISTA VHS photometry + additional 
information for clusters

• ESO Archive (on-going analysis)
• Calibration fields to control/match 

parameter/abundance scale across 
surveys



Data reduction/analysis
• Data reduction performed at Cambridge  and 

Arcetri likely based on ESO pipeline
• Radial velocity derivation
• Object classification
• Spectral analysis: atmospheric parameters 

and abundances
• Gaia-ESO archive



Spectral analysis
• UVES spectra of normal FGK stars
• GIRAFFE spectra of normal FGK stars
• Pre-MS and cool stars
• Hot (OBA-type) stars
• Funny things
• Survey parameter homogenization



Gaia-ESO Summary
• 100,000 stars at mid-resolution (x2 

GIRAFFE settings) and 10,000 stars at 
high-resolution: 300 VLT nights over 5 
yr

• Field stars and open clusters 
• Uniform composition and radial velocity 

information across the  Galaxy 
complementing Gaia’s data

• Large european consortium
• Swift schedule for data 

reduction/processing/analysis/delivery
• But serious competition!



Spectral classification
• MK classification (Morgan,Keenan & Kellman 

1943)

Tuesday, August 27, 
2013



Spectral classification
• MK classification (Morgan,Keenan & Kellman 

1943)
• MK classification yet to  be superseded by a 

better standard
• Expansions for cool stars/brown 

dwarfs/planets
• Neural networks (von Hippel, …)
• K-means classification (Sanchez Almeida et 

al. 2012)
• …Tuesday, August 27, 

2013



Radial velocity 
measurements
• Absolute measurements:  Earth motion,  

stellar motions
• Practical limits to absolute measurements: 

convection shifts, gravitational redshifts, 
transverse motion

• Relative measurements: cross-correlation, 
minimum-distance methods

Tuesday, August 27, 
2013



Cross-correlation

Tuesday, August 27, 
2013



Cross-correlation

Tuesday, August 27, 
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Minimum distance

• Shifting the template and evaluating the chi2 
• Repeating the process over all (or enough) 

templates to find the one that leads to 
smallest chi2

• Elodie ‘redshifts’ in SDSS are derived  in this 
fashion

Tuesday, August 27, 
2013



Automated spectral 
analysis
• Classical analysis methods can be coded in 

the computer
• These will have limitations: need to reliably 

measure equivalent widths (EW)
• Ultimately, the use of EW is related to simplify 

the calculations (scalar quantities instead of 
arrays) but is also somewhat blind, I.e. full 
spectral analysis preferred



Automation II
• Optimization methods: local (gradient, 

Nelder-Mead…), global (metropolis, 
genetic algorithms…)

• Projection methods (ANN, MATISSE, PCA, 
SVM…)

• Bayesian methods 
• But many combinations possible
• Spectral model can be calculated on the 

fly or interpolated
• Issues are sometimes continuum 

normalization, complicated PSF, large 
number of dimensions, degeneracies



An example
• FERRE optimization with interpolation on a pre-

computed grid
• N-dimensional f90 code
• Various algorithms: Nelder-Mead (Nelder & Mead 

1965), uobyqa (Powell 2002), Boender-Rinnooy 
Kan-Strougie-Timmer algorithm (1982)

• Linear, quadratic, cubic spline interpolation 
• Spectral library on memory or disk
• PCA compression
• Handling of complex PSF w/o compression
• Flexible: SDSS/SEGUE, WD surveys, APOGEE, 

STELLA, Gaia-ESO…
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• 3 (Teff, log g, [Fe/H])               

• 4 (Teff, log g, [Fe/H], [C/Fe])

• 5 (Teff, log g, [Fe/H], [C/Fe], micro)

• 5 (Teff, log g, [Fe/H], [C/Fe], [O/Fe])

• 6 (Teff, log g, [Fe/H], [C/Fe], [O/Fe], 
E(B-V))

• 6 (Teff, log g, [Fe/H], [C/Fe], [C/Fe], 
[N/Fe]) …

[Fe/H]       [C/Fe]             [O/Fe]                    E(B-V)                  Teff                   logg   

S/N=80

• For many/most targets (disk cool giants):
     - Teff, log g, Fe/H, C/Fe, N/Fe, O/Fe, maybe .

• Simplify for metal-poor stars ([Fe/H] < -1 or -2):
     - Teff, log g, Fe/H, O/Fe, maybe .

• Simplify for warmer types (G-F): 
     - Teff, log g, Fe/H, C/H, maybe .

A minute/star/processor (3.5 days on 20 processors for 100,000 
stars)

Abundances  
Stellar Parameters
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Abundances  
Stellar Parameters

ASPCAP Fitting the Arcturus spectrum (Hinkle et al.) 
smoothed to R=30,000 

Teff=4408 K  
logg=2.13
Logmicro=0.33 
[Fe/H]=-0.56 
[C/Fe]=+0.44 
[N/Fe]=+0.02 
[O/Fe]=+0.50
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