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Overview of Thesis Work

o Extrasolar planets.

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

o 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-o forest).
— Nonparametric estimation of quasar continua
— One-dimensional reconstruction of the intergalactic medium
— Three-dimensional reconstruction of the intergalactic medium
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Talk outline

@ The Lyman-a forest
@ Background
@ The Sloan Digital Sky Survey
@ Summary of work & results

e One-dimensional mapping the intergalactic medium
@ Denoising observational spectra
@ Estimating the underlying density field
@ Uncertainty quantification

e Three-dimensional mapping the intergalactic medium
@ Spatial model
@ Distributed computing
@ Optimized absorption field reconstruction
@ Uncertainty quantification
@ High-significance candidates for galaxy protoclusters and voids
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The Lyman-a forest
o] le]e]

The Sloan Digital Sky Survey
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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.

Galaxies

Dark Matter

Intergalactic Medium

Image credit: R. Cen and J. P. Ostriker
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The Lyman-a forest
[e]e] o]

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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The Lyman-a forest
[e]e]e] lo}

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.

1 Intergalactic hydrogen

absorbing light

Intensity

soan P « o « pres 4400
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The Lyman-a forest
[e]e]e] ]

The Lyman-a forest absorption process

Intensity

1200 1400 1600
Wavelength/A

Video credit: Andrew Pontzen

8 /27

U & NSF Al Planning

Collin Politsch (Carnegie Mellon)




Right ascension
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The Ly
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High-level summary of work
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High-level summary of work

@ Infer the relative density of the IGM along each 1D quasar sightline
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High-level summary of work

@ Infer the relative density of the IGM along each 1D quasar sightline
@ Pool the sightlines and reconstruct a full 3D large-scale structure map
© Quantify the total statistical uncertainty in the full 3D map

@ Identify statistically significant candidates for galaxy protoclusters and cosmic
voids
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The Lyman-a forest
oce

Summary of results: Largest volume LSS map of the Universe to date
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~0.1% of total volume
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The Ly

Summary of results: Largest volume LSS map of the Universe to date

e 47 h~3 Gpc® = 154 Gpc? (Planck CMB)
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Summary of results: Largest volume LSS map of the Universe to date

e 47 h~3 Gpc® = 154 Gpc? (Planck CMB)
e 10,332 deg? footprint (25% sky coverage)
@ Redshift range 1.98 < z < 3.15

~0.1% of total volume

Lyman-a flux contrast

-0.3 0 +0.3

Right ascension

Collin Politsch (Carnegie Mellon)



The Lyman-c forest
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Summary of results: Largest volume LSS map of the Universe to date
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Summary of results: Largest volume LSS map of the Universe to date

47 h~3 Gpc® = 154 Gpc? (Planck CMB)

10,332 deg? footprint (25% sky coverage)

Redshift range 1.98 < z < 3.15

~180,000 candidates for protoclusters/voids

~3 million distributed CPU hours (~342 CPU years)
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c medium

e One-dimensional mapping the intergalactic medium
@ Denoising observational spectra
@ Estimating the underlying density field
@ Uncertainty quantification
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One-dimensional mapping the intergalactic medium
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One-dimensional mapping the intergalactic medium

Light emitted from quasar

Tntergalactic matter ==, g aachlkiy Btk

nterfering with light

|
r
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Lyman-a flux contrast:

dp(z) =
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One-dimensional mapping the intergalactic medium
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One-dimensional mapping the intergalactic medium

Light emitted from quasar
) 1 = Light reaching Earth
Intergalactic matter
e nterfering with light
|

L B |

. AP O . . e e ey
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Lyman-a flux contrast:

c oA F(z) - F(z)
op(z) = )

Estimator:
Jo(2) — m(z)

Op|z)= m(z)

where m(z) = C(2) - F(z)
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One-dimensional mapping the intergalactic medium

Light emitted from quasar
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One-dimensional mapping the intergalactic medium
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e-dimensiona apping the intergalactic medium
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Parametric bootstrapping the flux contrast

Uncertainty quantification?
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Uncertainty quantification?

@ Contstruct the bootstrap sample:

fy(X\i) = ’fz)(x,») +€f where €] ~ N(O,&\,Q)
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One-dimensional mapping the intergalactic medium
L Je]

Parametric bootstrapping the flux contrast

Uncertainty quantification?

@ Contstruct the bootstrap sample:

fy(X\i) = ’fz)(x,») +€f where €] ~ N(O,&\,Q)

@ Fit the trend filtering estimate ?g‘ for the flux signal and the LOESS estimate
my for the mean flux level

@ Define the flux contrast estimate:

@ Contruct the pointwise 1 — o percentile band:

Vica(2) = (8 a/a(2). 37 1-0ja(2))
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One-dimensional mapping the intergalactic medium
(o] ]

-dimensional absorption field reconstruction

Light emitted from quasar

—  Light reaching Earth

Lyman-a flux contrast:
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One-dimensional mapping the intergalactic medium
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One-dimensional absorption field reconstruction

Light emitted from quasar
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Three-dimensional mapping the intergalactic medium
o

Outline

e Three-dimensional mapping the intergalactic medium
@ Spatial model
@ Distributed computing
@ Optimized absorption field reconstruction
@ Uncertainty quantification
@ High-significance candidates for galaxy protoclusters and voids
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e-dimensional mapping the intergalactic medium
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Lyman-a forest tomography

Objectives/Essentials:
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e-dimensional mapping the intergalactic medium
@00

Lyman-a forest tomography

Objectives/Essentials:
©® Reconstruct a full 3D map large-scale structure map from the dense collection of 1D maps
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Lyman-a forest tomography

Objectives/Essentials:
©® Reconstruct a full 3D map large-scale structure map from the dense collection of 1D maps

® Nonparametric/data-driven modeling. Optimize the map to be predictive of structure
between sightlines
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{imensional mapping the intergalactic medium
@00

Lyman-a forest tomography

Objectives/Essentials:
©® Reconstruct a full 3D map large-scale structure map from the dense collection of 1D maps
® Nonparametric/data-driven modeling. Optimize the map to be predictive of structure
between sightlines
©® Multi-resolution. The Universe has structure of various scales, so too should our model

E
=
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Lyman-a forest tomography

Objectives/Essentials:
©® Reconstruct a full 3D map large-scale structure map from the dense collection of 1D maps

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

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

® Uncertainty quantification. Track all statistical uncertainty in the reconstructed map
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Lyman-a forest tomography

Objectives/Essentials:
©® Reconstruct a full 3D map large-scale structure map from the dense collection of 1D maps

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

©® Multi-resolution. The Universe has structure of various scales, so too should our model
® Uncertainty quantification. Track all statistical uncertainty in the reconstructed map

©® Computational efficiency and scalability. Sparsity and distributed computing
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N
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{imensional mapping the intergalactic medium

Multi-resolution spatial kernel ridge regression

Cost functional:

min, (6 — ®B8)T W(sF — 9B8) + || DBII3
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{imensional mapping the intergalactic medium

Multi-resolution spatial kernel ridge regression

Cost functional:
min, (3 — B) "W (¢ — ©B) + 1 DBI3
Three-dimensional estimator:

SE(X) = Brjduj(x). xR
I}
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Three-dimensional mapping the intergalactic medium
oeo

Multi-resolution spatial kernel ridge regression

Cost functional:
min, (3 — B) "W (¢ — ©B) + 1 DBI3
Three-dimensional estimator:

SE(X) = Brjduj(x). xR
I}

S0 60 &8 & & S 40 60 G0 §F & B8 G £ OF &9 4% & 6 ¢

HEOHAEEON QG GRRNDGE D

PAA'SAATAAAAATSS
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Three-dimensional mapping the intergalactic medium
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Multi-resolution spatial kernel ridge regression
Cost functional:
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Three-dimensional estimator:
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Three-dimensional mapping the intergalactic medium
ooce

Multi-resolution generalized ridge penalty

Cost functional:

B = argmin (6r — ®B) " W(3F — ®B) + [|DBI13,
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Three-dimensional mapping the intergalactic medium
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Multi-resolution generalized ridge penalty

Cost functional:

B = argmin (6r — ®B) " W(3F — ®B) + [|DBI13,

Block diagonal penalty:

V(A1 +oul) 0 0

0 \/’Y2(A2+Q2I) 0

D= . . .
0 0 0 (&g +agl)
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Multi-resolution generalized ridge penalty

Cost functional:

B = argmin (6r — ®B) " W(3F — ®B) + [|DBI13,

Block diagonal penalty:

V(A1 +oul) 0 0
0 \/’Y2(A2+Q2I) 0
D = . . .
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First-order fusion:
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Three-dimensional mapping the intergalactic medium
ooce

Multi-resolution generalized ridge penalty

Cost functional:

B = argmin (6 — B) " W(5r — 9B) + | DBI13,

BERM
Block diagonal penalty:
\/’Y1(A1+(11/) 0 0
0 \/’Y2(A2+Q2I) 0
D = . . .
0 0 0 VAd(Ag+agl)
First-order fusion:
6 i=/
AZU' = -1 J € Mx
0 otherwise,
Expanded penalty:
d
1DBIE= e (> o3B! B + 20u8] Daf +B] A3Br). x>0, 7> 0
=1
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Distributed computing

Cost functional:

iy (8F — ®B) W (8F — oB) + || DBII3
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Three-dimensional mapping the intergalactic medium
@0

Distributed computing

Cost functional:
2 i ® T T b, 2
ﬁnél;f{:’ (0 B)" W(or B) + |10BI5
Closed-form solution:

B = (¢"Wo + DT D) 'oT Wik
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n ~ 72 million 40 million < p < 50 million
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Distributed computing

Cost functional:
2 i ® T T b, 2
ﬁnél;f{:’ (OF B)" W (ér B) + |10BI5
Closed-form solution:
B = (¢"Wo + DT D) 'oT Wik
n ~ 72 million 40 million < p < 50 million

Distributed approximation: Let A;, ..., A, be a partition of the 47 h=3 Gpc3 volume.
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Distributed computing

Cost functional:
in (5 — ®B) " W(GF — @ D13
ﬁngl'{:,( F B)" W(or B) + |10BI5
Closed-form solution:
B = (¢"Wo + DT D) 'oT Wik
n =~ 72 million 40 million < p < 50 million
A, be a partition of the 47 h=3 Gpc3 volume.
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Three-dimensional mapping the intergalactic medium
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Distributed computing

Cost functional:
2 -~ Y T = — & 2
min, (8 — ©8)"W (@ — B) + |63
Closed-form solution:

B = (¢"Wo + DT D) 'oT Wik

n =~ 72 million 40 million < p < 50 million
Distributed approximation: Let A;, ..., A, be a partition of the 47 h=3 Gpc3 volume.

Bk = (O] Wi®y + D] D) & Widr,

£y [Mpe/hj
1

gﬁk(x) = Zﬁku br; (x), x€ As
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Three-dimensional mapping the intergalactic medium
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Distributed computing

Cost functional:
2 -~ Y T = — & 2
min, (8 — ©8)"W (@ — B) + |63
Closed-form solution:

B = (¢"Wo + DT D) 'oT Wik

n =~ 72 million 40 million < p < 50 million
Distributed approximation: Let A;, ..., A, be a partition of the 47 h=3 Gpc3 volume.

Bk = (O] Wi®y + D] D) & Widr,

£y [Mpe/hj
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Model validation

o Let p=(d,a,7,...,74) be the vector of model hyperparameters
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o Let p=(d,a,7,...,74) be the vector of model hyperparameters
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@ Estimate the large-scale density field along each validation sightline
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Three-dimensional mapping the intergalactic medium
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Model validation

o Let p=(d,a,7,...,74) be the vector of model hyperparameters
o 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:

L(n) = |D1l+|D2|

Dy = {(i.i)ici : P(GE) < p(3E) 0 p(3F) > p(3E)}

Dy = {(ii)icj : P(GE) > p(GE) N p(E) < p(3E)}
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o Let p=(d,a,7,...,74) be the vector of model hyperparameters
o Construct an 85%/15% Train/Validation split on the set of background quasars
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Model validation
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Model validation

o Let p=(d,a,7,...,74) be the vector of model hyperparameters
o 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(n) = [Dyl+|D2| ™ ;
" 7 = argmin, L(n)
Dy = {(i.i)ici : P(GE) < p(3E) 0 p(3F) > p(3E)}

Dy = {(ii)icj : P(GE) > p(GE) N p(E) < p(3E)}

Mpe /b

Mean transverse separation

218 235 2% 278 208 313

Redshift
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Model validation

o Let p=(d,a,7,...,74) be the vector of model hyperparameters
o 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(n) = |Dy|+|D2| s ;
o 7 = argmin, L(n)
Dy = {(i.i)ici : P(GE) < p(3E) 0 p(3F) > p(3E)}

Dy = {(ii)icj : P(GE) > p(GE) N p(E) < p(3E)} Optimizg/sgparately

S
> =

s "

Mpe /b

Mean transverse separation

Redshift
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Cross-sectional sky map of the intergalactic medium
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Cross-sectional sky map of the intergalactic medium
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Uncertainty quantification

@ Construct a bootstrap sample of quasar spectra

£ s(Ag) ~ N(fao(rg).52), i=1,..., n, g=1,..., 159, 581
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Uncertainty quantification

@ Construct a bootstrap sample of quasar spectra

£ s(Ag) ~ N(fao(rg).52), i=1,..., n, g=1,..., 159, 581

@ For each spectrum, fit the trend filtering estimate ?;b for the flux signal and the
LOESS estimate ﬁﬁ; , for the mean flux level
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Uncertainty quantification

@ Construct a bootstrap sample of quasar spectra

£ s(Ag) ~ N(fao(rg).52), i=1,..., n, g=1,..., 159, 581

@ For each spectrum, fit the trend filtering estimate ?;b for the flux signal and the
LOESS estimate ﬁﬁ; , for the mean flux level

@ Define the flux contrast estimates:

i~ o f;b(qu) - fﬁz,b(qu)

F"Z,b(zq,)
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Uncertainty quantification

@ Construct a bootstrap sample of quasar spectra

£ s(Ag) ~ N(fao(rg).52), i=1,..., n, g=1,..., 159, 581

@ For each spectrum, fit the trend filtering estimate ?;b for the flux signal and the
LOESS estimate ﬁﬁ; , for the mean flux level

@ Define the flux contrast estimates:

x o f;b(qu) - fﬁz,b(qu)

F"Z,b(zq,)

@ Compute the distributed-SKRR 3D reconstruction gi_“*(x) from the pooled
sightline flux contrast estimates.
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Uncertainty quantification

= Produce 50 bootstrap reconstructions of the full 47 h=3 Gpc® absorption field
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= Produce 50 bootstrap reconstructions of the full 47 h=3 Gpc® absorption field

Sample quantiles

Theoretical quantiles
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Uncertainty quantification

= Produce 50 bootstrap reconstructions of the full 47 h~3 Gpc?® absorption field

z=2.50

Sample quantiles

Theoretical quantiles
Standard error

0.001 0.250
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Candidates for galaxy protoclusters and voids

Statistically significant overdensities:

Gn = {8E(x) : E(x) < —n- R(3E(x))}
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Candidates for galaxy protoclusters and voids

Statistically significant overdensities:
Gn = {8E(x) : E(x) < —n- R(3E(x))}
Statistically significant underdensities:

Vi = {8F(x) : 8E(x) > n- S2(8E(x))}
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Candidates for galaxy protoclusters and voids

Statistically significant overdensities:
Gn = {8E(x) : E(x) < —n- R(3E(x))}
Statistically significant underdensities:

Vi = {8F(x) : 8E(x) > n- S2(8E(x))}

Aok

Lyman-a flux contrast

-0.3 0 +0.3
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Candidates for galaxy protoclusters and voids

Statistically significant overdensities:
Gn = {8E(x) : E(x) < —n- R(3E(x))}
Statistically significant underdensities:

Vi = {8F(x) : 8E(x) > n- S2(8E(x))}

Lyman-a flux contrast

-0.3 0 +0.3
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Candidates for galaxy protoclusters and cosmic voids

z = 2.50
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Candidates for galaxy protoclusters and cosmic voids

z = 2.50

Census of candidates (rough estimates based on partial catalog)

Significance level
3o lo 5o bo To Sa

184,250
173.882

50,029 29,493
54,507 34948

Galaxy Protoclusters
Cosmic Voids
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Dissemination of data products (in progress)

All data products will be disseminated at:

stat.cmu.edu/lyman-alpha-cosmos-map (powered by PSC)
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@ SQL database (~30 TB) — 1 h=3 Mpc? voxel resolution
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All data products will be disseminated at:

stat.cmu.edu/lyman-alpha-cosmos-map (powered by PSC)

@ SQL database (~30 TB) — 1 h=3 Mpc? voxel resolution
@ Downloadable HEALPix sky maps z =1.98,1.99,...,3.15
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Dissemination of data products (in progress)

All data products will be disseminated at:
stat.cmu.edu/lyman-alpha-cosmos-map (powered by PSC)
@ SQL database (~30 TB) — 1 h=3 Mpc? voxel resolution

@ Downloadable HEALPix sky maps z =1.98,1.99, ...,3.15

@ Downloadable catalog of candidates for galaxy protoclusters and cosmic voids
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Overview of trend filtering

Constant trend filtering

f@&) = folt) + € i=1,...,n i ‘ 1A

fol®) =3 Bihy(t)
J o 7
ering
Truncated power basis Trend filtering basis k>
~ \ |
i Quatratic trond Bltering

min z (I'H.) - zﬂ‘h.(l,)) +y k- At ‘E‘Iﬁ_l

Cubic trend filtering
i fot &

folt:y) = Zfﬁhj(l) ¥ ! |
=1 ’ J

References: Tibshirani & Taylor (2011), Tibshirani (2014), e —— e E—— E—— T
Ramdas & Tibshirani (2015), Politsch et al. (2020a,b)
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£,-penalized linear models

1D splines*

Subset selection Variable-knot regression spline
p=0
Lasso
p=1
Ridge regression Smoothing spline
p=2
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£,-penalized linear models

1D splines*

Subset selection Variable-knot regression spline
p=0
Lasso Trend filtering
p=1
Ridge regression Smoothing spline
p=2
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