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Critical Questions 

• How much normal matter are present in galaxies? 

• What do they tell us about galaxy formation? 

Dark Energy  72% 
Dark Matter  23% 
Normal Matter 5% 

Early Universe Today 



Spectra are the keys to Stars, Gas and Dust in Galaxies 

Continuum Emissions Absorption and Emission Lines 



Measure Dust & Light in 
Galaxies 

– (1D) Inclination-
Dependent Composites 

– 2D Composites 

– 3D Composites 
• 3D and High Definition 

From Light to Matter 

– Data Compression 

– Large Scale Galaxy 
Parameter Estimation 

SDSS III 



Current & Future Spectroscopic Surveys 

• Multiplexing: many objects at a 
time (SDSS, LAMOST, MaNGA, PFS) 

• 2D In Situ: as a function of 
projected 2D position on galaxies 
(Integral Field Units, CALIFA, SAMI, 
MaNGA) 

Subaru PFS LAMOST 

CALIFA 



Integral Field Spectroscopy (or “3D” Spectroscopy) 

               Ealet et al. 2008 
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Hubble Deep Field 

Inclination Information 



Galaxies are located at various inclinations & distances 

From SDSS JPEG Image Cutout tool. 



Why 3D Spectrum 

• Galaxies are 3D. 

• Impact across many topics: 

– Radial Variance: Galaxy Evolution 

– Inclination Variance: Dust , Galaxy Properties, Cosmology 

Dust in Galaxies Galaxy Count 

Photo-z Galaxy Size 
Galaxy Evolution at 
Sub-galactic Scales 



• 1D emissivity: f(galaxy center; b/a), inclination variation at 
galaxy center (Yip et al. 2010) 

• 2D emissivity: f(x, y; b/a) by Drizzle2D algorithm (Yip et al. 2014 
in prep) 

• 3D emissivity: f(x, y, z) by Drizzle3D algorithm (future) 

Reconstruction of Galaxy Spectral 
Templates 



Sloan Digital Sky Survey 

• Photometric + Spectroscopic Surveys 

• 11,000 square degree footprint (DR7) 

• 5.9 108  u, g, r, i, z photometry  

• 1.6 106  fiber spectra 

• Phases 

• SDSS I (2000-05) 

• SDSS II (2005-08) 

• SDSS III (2008-14) 

• SDSS 4 (2014-20) 

• Data are public 

• Web interfaces for data download & exploration 

• SkyServer, DAS, etc. 



• SDSS offers fiber spectra at 3800-9200 Å, 69 km/s resolution. 

• A fiber projects 3 arcsec-diameter area on the sky. 

Galaxy light sampled by the SDSS spectroscopy 

The central 3 arcsec of a galaxy. SDSS fiber plug plate. 



Sample: Disk Galaxies in SDSS DR6 

disk 
dominated 
galaxies 

all 
galaxies 

• Disk dominated (bulge fraction < 0.1, u – r < 2.4) 

• Star forming 

• Flux Limited r < 17.7 

• Redshift = 0 – 0.2 



Dynamical Range of Inclination 

• Why are we missing galaxies at extreme inclination angles? (see also Shao 
et al. 07; Unterborn & Ryden 08) 

Due to non-zero 
disk thickness. 
 
Milky Way scale height  
~ 90 pc  
(Mihilas & Binney 81) 

Due to non-zero  
disk ellipticity. 
 

‹ϵ› = 0.16 (Ryden 04) 



Inclination Dependency of Disk Galaxy Composites 
Face-on 

<b/a> = 0.94 

Edge-on 
<b/a> = 0.17 



Inclination Dependency of Extinction in Stellar Continuum 

Edge-on galaxies show 
higher extinction than 
face-on galaxies. 

 

The best-fit empirical 
extinction law is: 
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Optical Thickness of Stellar Continuum of Galaxies 

Screen model Slab model Sandwich model 

θ 

 Best-fit theoretical model is the slab model. 

 Best-fit face-on extinction is 0.2 mag (SDSS g band). 

 

 

  



 

Tie Extinction to Inclination 

)/()/( abHH   

u(0.1) - u(1) 1.1 mag 
g(0.1) - g(1) 0.8 mag 
r(0.1) - r(1) 0.4 mag 
i(0.1) - i(1) 0.2 mag 
z(0.1) - z(1) 0.0 mag 

Yip, Szalay, Carliles, et al. 2011 



Broader Impact of Inclination Effect 

• Inclination changes the observed color and 
luminosity of galaxies. 

• Affected galaxy properties: 

– Galaxy Count 

– Galaxy Size 

– Galaxy Luminosity Function 

– Photo-z 

– Derived parameters 

 



Galaxy Count 

Missing edge-on galaxies at higher 
redshift. 

 

Higher  
Redshift 
0.1–0.11 

Lower 
Redshift 
0.03–0.04 

Middle  
Redshift 
0.065–0.075 



Galaxy Size 

• Disk galaxies appear larger 
when inclined: 

 

 

• Found also in previous studies 
(e.g., Huizinga & van Albada 
92, Mollenhoff et al. 2006, 
Maller et al. 09) 
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Why disk galaxies appear larger when inclined 

• Because of the presence of extinction radial gradient in the galaxies. 

radius 

Logarithmic of surface brightness, (r) 

reff (face-on) reff (inclined) 

Extinction 
effect 



Inclination Effect on Photo-z 

 

 

Yip, Szalay, Carliles, et al. 2011 



Inclination Effect on Observed Colors 

• Color-color diagram of galaxies before and after inclination 
correction (g-r vs r-i): 

Gray:  
face-on 
galaxies 
 
Color: 
edge-on  
galaxies 

Before After 



Drizzle2D Algorithm:  
Radial Reconstruction per b/a bin  

 using fiber spectra 

r(fiber)/reff = 0.6 r(fiber)/reff = 1.1 



Drizzle2D Algorithm:  
Radial Reconstruction per b/a bin  

 using fiber spectra 

r(fiber)/reff = 0.6 r(fiber)/reff = 1.1 

We calculate statistics of 
a list of spectra 
associated with a pixel. 



r(fiber)/reff = 0.6 r(fiber)/reff = 1.1 

Inclined Galaxies (b/a = 0.5) 



Extinction at Galaxy Center (r/reff = 0.23): 
1.9 mag 

Edge-on 
b/a = 0.1 – 0.2 

Face-on 
b/a = 0.9 – 1.0 

Yip et al. 2014 in prep. 



Radial Profile of Galaxy (b/a = 0.9 – 1.0) 

Galaxy Outer Region 
r/reff = 1.15 

Galaxy Center 
r/reff = 0.23 



• Deproject 2D composites f(x, y; b/a) to get 3D f(x, y, z) 

• Much like 3D human body reconstruction using X-ray CAT scans 

• Key components: 
– 3D Galaxy Mesh & Tessellation Scheme 

– Galaxy opacity profile 

– Parameterization of voxel spectra 
• Principal Component Analysis 

– Flux convergence in individual voxels 

– Interpolation for higher-than-native resolution 
• With Emmanuel Candes @ Stanford 

– 3D Visualization 

 

 

Future: Drizzle3D Algorithm 



Parameterization of Spectra using Principal 
Component Analysis 

• Compress datacube from 78x73x1700 to 78x73x5. 

IFU data from CALIFA DR1: 3650 – 4840 Å at 0.7 Å / pixel. 
Husemann et al. 2012, Sanchez et al. 2012, Walcher et al. in prep. 

Top 5 PCA Eigencoefficient map. 

NGC 5409 SDSS image. 



Challenges in Probing Galaxies’ Properties 

• Many Objects/Spectra (Big Data) 

• Many Parameters 

• Noisy Data 

 

 

 

SDSS & BOSS (z = 0 – 0.7, 2.5M galaxies) 
LAMOST (z = 0 – 0.2, 10M galaxies) 
Prime Focus Spectrograph (z = 1 – 2, 200K galaxies) 



Data Analysis using Database 

• Automated data 
analysis: 

               MS SQL Server. Source: Alex Szalay 

Select data from DB  
using C# routines with 
SQL scripts embedded 

Perform computations 

Output results to DB, 
if necessary 



Probing Galaxies’ Properties 

• Model Fitting of Spectra (SDSS/JHU Catalog: Kauffmann, 
Heckman, Tremonti, Chen, et al.) 

• Empirical Relations 

N-Dimensional Model Grid  
(Yip 2010) 

Informative Wavelength Regions using CUR 
(Yip, Mahoney, Szalay, et al. 2014 AJ in press) 

(Many Objects) (Many Parameters) 



 
Galaxy Parameter Estimation:  

Stellar Age 
Stellar Metallicity 
Star Formation Rate 
Dust Extinction 
etc. 
 
 

Brute force Bayesian approach: 
N = 1 Million Galaxy Spectra 
M = 4,000  Pixels 
P = 4  Parameters 
T = 20 years CPU time 

 

Probing Galaxies’ Properties (Many Objects) 



 
Worthey et al. 94;  
Trager et al. 98 

Lick Indices 
 



Some Wavelengths are More Informative:  
Leverage Score 

Flux(λ1) 

Flux(λ2) 

Flux(λ3) 

Flux(λ4) 

Flux(λ5) 

Flux(λ6) 

Sample Variance Sparsity 



CUR Matrix Decomposition (Mahoney & Drineas 
2009): Best Rank-k Approximation of Data Matrix 
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CUR approximates data matrix A as such: 
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Wavelength 

𝑚𝑖𝑛 𝐴 − 𝐶𝑈𝑅 𝐹  



Identifying Objective Wavelength Regions using CUR 
Matrix Decomposition 

• Simple Stellar Populations (SSP) defined by stellar age (0 – 20 
Gyr) and stellar metallicity (Z = 0.0001, 0.0004, 0.004, 0.008, 
0.02, 0.05). 

– Bruzual and Charlot 2003 

– Absorption Lines Only, No Emission Lines 

 

• 2 configurations: 

– Lick: 3800-6400 Å with 9 Å resolution 

– SDSS: 3450-8350 Å with 3 Å resolution 

 

 

 

 



Recover Most Informative Lick 
Indices to be: 

D(4000), Hβ, Hδ 
 

Yip, Mahoney, Szalay et al.  
2014 AJ in press 



9Å Resolution 

Most Informative 
Regions: 
D(4000), Hβ, Hδ 
 



3Å Resolution 

Most Important Regions:  

• D(4000), Hδ 

• Fe indices  

• Hβ 

• G band 



PCA Eigenspectra of  
1st Informative Region 

Larger a1 implies: 
Younger stellar populations 

Larger a2 implies:  
Younger, More Metal Rich 

OR 
Older, Less Metal Rich 



Stellar Age Sensitivity of Wavelength Regions 



Stellar Metallicity Sensitivity of Wavelength Regions 
(Seeing Age-Metallicity Degeneracy!) 



 
Galaxy Parameter Estimation:  

Stellar Age 
Stellar Metallicity 
Star Formation Rate 
Dust Extinction 
etc. 
 
 

Brute force Bayesian approach: 
N = 1 Million Galaxy Spectra 
M = 4,000  Pixels 
P = 4  Parameters 
T = 20 years CPU time 

 

2 weeks! 



Model Stellar Light in Galaxy Spectra 

• We model each galaxy spectrum by a linear combination of 
Single Stellar Populations (Tinsley 70’): 

Galaxy Formed T1 T2 T3 T4 

Star  
Formation 
Rate 

Z1 Z2 Z3 Z4 

Today 

𝑓𝑖
𝑔𝑎𝑙𝑎𝑥𝑦 = 𝑎𝑖

𝑖

𝑓𝑖
𝑠𝑡𝑎𝑟(𝐴𝑔𝑒,𝑀𝑒𝑡𝑎𝑙𝑙𝑖𝑐𝑖𝑡𝑦) 



 N-D hypercube  

 Multi-linear interpolation to achieve arbitrary 
computational resolution in parameters 

(x0, y0) (x1, y1) 

(x2, y2) (x3, y3) 

Length = 1 (x, y) 

2-D: 
f(x, y) =  f(x0, y0) * (dx0 * dy0) 
           + f(x1, y1) * (dx1 * dy1) 
           + f(x2, y2) * (dx2 * dy2) 
           + f(x3, y3) * (dx3 * dy3) 
 
N-D: 
f(x) = ∑ f(zi) ∏ (1 – |xj - zij| ) 
 
where zi are the neighboring 
parameter points 
 

dx0 

dy0 

. 

Galaxy Composition through N-D Parameter Estimation 



Mean Square Error vs. Parameter Grid Resolution 

• Mean square error of the 
parameter estimates 
decreases with grid 
resolution. 

• Improvement is 
simultaneous for all 
parameters. 

   Dust reddening 

           
 

           
 

e-folding time of  
star formation               

           
 Age of oldest stars     Stellar Metallicity 



N-D Parameter Estimation on Spectra 

4D stellar population model 
• On-the-fly generation of 300,000 model spectra 
• Parameter uncertainties are estimated on object-to-object basis  
• 10 minutes (SDSS spectral resolution 69km/s)  
 

Age of the oldest stars  = 13 Gyr 
 
Metallicity by mass = 0.36 solar 
 
e-folding time of star formation = 2 Gyr 
 
E(B-V)  = 0.25 mag 



Large Sky Area Multi-Object Fiber  
Spectroscopic Telescope (LAMOST) 

• 4m segmented telescope, 5° FOV (the Moon spans 0.5 °) 

• 4,000 fiber spectra into 16 spectrographs 

• 10  million fiber spectra, 10x more than SDSS 

 

 

 

Xinglong Station, 
180 km north of Beijing 

Spectral resolutions: 
 

medium-low  
R = 1000 - 2000 
 
medium  
R = 5000 – 10000 
 

 

 



Subaru Prime Focus Spectrograph (PFS; 2017) 

• High redshift version of SDSS 

• 2,400 fiber array, 1.3° FOV 

• 200,000 galaxy spectra (1.4 < z < 2.2) 

• 140,000 Ly emitters (2 < z < 7) 

• 50,000 QSOs (3 < z < 7) 

 

 

 

 

Ellis et al. 2012 

Spectral resolutions: 
 

3800-6700 Å  
R = 1900 
 
6500-10000 Å   
R = 2400 
 
9700-13000 Å   
R = 3500 

 
 

 

 



• 25,000 model spectra 
simulation 

• Realistic star 
formation history 

• 5 model parameters 

• 18 derived parameters 

• Focus on Dn(4000) 

Model Spectra 
• Absorption only 
• Bruzual & Charlot 03 
• N = 25,000 (Yanmei Chen) 

Noisy Spectra 
• Random Gaussian 
• No skylines yet 

PCA Reconstructed Spectra 

 Yip & Heckman, et al. 

Original 
Parameters 

Recovered 
Parameters 

 
 G. Grave’s Simulator 
 

Galaxy Parameters from Prime Focus Spectrograph 
(PFS) Spectra 



Cosmic Evolution of Dust and SFR using Inclination Method 

 

Hopkins 2006 

SDSS 

Subaru PFS 



Measure Dust & Light in 
Galaxies 

– Radial Dependency: 
Galaxy Evolution 

– Inclination Dependency: 
True Color/Luminosity of 
Galaxies  

– 3D Spectra marry both 

From Light to Matter 

– Objective wavelength 
regions: compress data 
in variable space 

– N-Dimensional galaxy 
parameters are coming 

SDSS III 


