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Overview of Thesis Work

Extrasolar planets.

– Modeling phase-folded transit light curves with higher-order
changepoint methods

Eclipsing binary stars.

– Nonparametric modeling of phase-folded light curves

Spectroscopic classification and redshift estimation.

– Efficient spectral template generation with observational spectra

Supernovae.

– Light-curve template generation
– Nonparametric estimation of observable parameters

Intergalactic medium (via the Lyman-↵ forest).

– Nonparametric estimation of quasar continua
– One-dimensional reconstruction of the intergalactic medium
– Three-dimensional reconstruction of the intergalactic medium
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Denoising observational spectra
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The cosmological matter distribution

The intergalactic medium is a highly diffuse gaseous medium that pervades the  
volume of intergalactic space and contains a majority of the baryonic matter in the  
Universe.

Image credit: R .  Cen and J .  P. Ostriker
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Absorption spectroscopy with quasar backlights
Absorption spectroscopy: Spectroscopic techniques that measure the absorption of  
light, as a function of wavelength, due to its interaction with a medium.
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High-level summary of work

1 Infer the relative density of the IGM along each 1D quasar sightline
2 Pool the sightlines and reconstruct a full 3D large-scale structure map
3 Quantify the total statistical uncertainty in the full 3D map
4 Identify statistically significant candidates for galaxy protoclusters and cosmic  

voids
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Parametric bootstrapping the flux contrast

Uncertainty quantification?

1 Contstruct the bootstrap sample:

f ⇤b (�i ) = bf0(�i ) + ✏
⇤
i where ✏⇤i ⇠ N(0, b�2

i )

2 Fit the trend filtering estimate bf ⇤b for the flux signal and the LOESS estimate
bm⇤b for the mean flux level

3 Define the flux contrast estimate:

b�⇤F ,b(zi ) =
bf ⇤b (zi )� bm⇤b(zi )

bm⇤b(zi )

4 Contruct the pointwise 1� ↵ percentile band:

V1�↵(zi ) =
⇣
b�⇤F ,↵/2(zi ), b�⇤F ,1�↵/2(zi )

⌘
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2 Nonparametric/data-driven modeling. Optimize the map to be predictive of structure
between sightlines

3 Multi-resolution. The Universe has structure of various scales, so too should our model

4 Uncertainty quantification. Track all statistical uncertainty in the reconstructed map

5 Computational efficiency and scalability. Sparsity and distributed computing
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Cost functional:

β∈Rm F
Tmin (δ  Φβ) W (δ F  Φβ) + ID β I 2

2

Three-dimensional estimator:

L
F

i , j

δ   (x ) = β φi , j i , j (x ), x ∈ R3
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The Lyman-α forest One-dimensional mapping the intergalactic medium Three-dimensional mapping the intergalactic medium

Distributed computing

Cost functional:

β∈Rp F
T

F
2
2min (δ  Φβ) W  (δ  Φβ) + ID β I ,

Closed-form solution:

T T 1 Tβ = (Φ W  Φ + D  D )  Φ W δ F

n ≈ 72 million 40 million ;S p ;S 50 million

Distributed approximation: Let A1,  . . . , Ar  be a partition of the 47 h3 Gpc3 volume.

k kβ = (Φ W Φk k
T T

k k
1 T

k+ D  D  ) Φ W δ k F k

L
F k

i , j
k i , j i , j

δ     (x ) = β φk   (x ), x ∈ A-k

L I
F

r

k =1

L
k F kδ     (x ) = (x ∈ A  ) · δ (x )
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The Lyman-α forest One-dimensional mapping the intergalactic medium Three-dimensional mapping the intergalactic medium

Model validation

Let η = (d, α, γ1, . . . , γd ) be the vector of model hyperparameters.
Construct an 85%/15% Train/Validation split on the set of background quasars  
Estimate the large-scale density field along each validation sightline

Kendall tau ranking distance: (Bubble sort distance)

L (η )  = |D1|+|D2|

1 i< j
L I
F i

L I
F j F i

- -L L
F j

D  = {(i, j) : ρ(δ ) <  ρ(δ ) ∩ ρ(δ ) >  ρ(δ )}

2 i< j
L I
F i

L I
F j

- L
F i

- L
F j

D  = {(i, j) : ρ(δ ) >  ρ(δ ) ∩ ρ(δ ) <  ρ(δ )}.
L (η)η = argminη
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The Lyman-α forest One-dimensional mapping the intergalactic medium Three-dimensional mapping the intergalactic medium

Uncertainty quantification

1 Construct a bootstrap sample of quasar spectra

f ∗
q,b iq q,0 q(λ  ) ~ N( f  (λ ), σ 2

i qi
i = 1, . . . , n, q = 1, . . . , 159, 581),

2 ∗
q,bFor each spectrum, fit the  trend  filtering estimate f for the flux signal and the

L O E S S  estimate m∗
q,b

for the mean flux level

3 Define the flux contrast estimates:

∗
F ,b qiδ (z ) =

∗
qf (z )  m ∗

qq,b i q,b i
z )(

q,b qim∗ (z )

F
4 Compute the distributed-SKRR 3D reconstruction δLI∗(x ) from the pooled

sightline flux contrast estimates.
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Candidates for galaxy protoclusters and voids
Statistically significant overdensities:

n
L
F

L
FG = {δ (x ) : δ (x ) < n · s L

Fe(δ (x ))}

Statistically significant underdensities:

n
L
F

L
FV = {δ (x ) : δ (x ) > n · s L

F
e(δ (x ))}
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Candidates for galaxy protoclusters and voids
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Census of candidates (rough estimates based on partial catalog)
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Dissemination of data products

All data products will be disseminated at:

stat.cmu.edu/lyman-alpha-cosmos-map (powered by P S C )

S Q L  database (~6 T B )  — 1 h3 Mpc3 voxel resolution  

Downloadable H E A L P i x sky maps z = 1.98, 1.99, . . . , 3.15

Downloadable catalog of candidates for galaxy protoclusters and cosmic voids
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X
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�jhj(t)
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