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A simple model that is extremely successful on large cosmological scales.

Planck collaboration (2019)

multipole moment

multipole moment

wavenumber [h Mpc-1]

ΛCDM: our Standard Model of Cosmology
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Discovering New Physics 
Beyond the Standard Model

From small scales From large scales
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From large scalesFrom small scales From large scalesFrom small scales

Discovering New Physics 
Beyond the Standard Model



4

Cosmic Microwave 
Background

Large-scale structure

Small-scale structure: provides fertile grounds 
for testing different dark matter theories. 

Planck collaboration (2019)

wavenumber [h Mpc-1]
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Dark Matter models: 
effects on sub-galactic scales

Diaz Rivero, C. Dvorkin, et al., PRD (2018)

CDM Exotic dark matter

We will use these small scales to falsify/corroborate 

the Cold Dark Matter paradigm.



Strong gravitational lensing

Credit: ALMA (ESO/NRAO/NAOJ), L. Calçada (ESO), Y. Hezaveh et al.
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Looking for dark subhalos

Idea (Mao and Schneider, 1998): subhalos can locally perturb lensed images. By
looking at the residual between the images predicted by modeling the lens as a    
smooth mass and what is actually observed we can infer the presence of subhalos. 

The advantage relative to other methods for detecting dark matter is that we do not    
need to assume a coupling between the Standard Model and dark matter: model-
independent method.

The lowest-mass subhalos are largely devoid of stars:   
a gravitational technique is needed to detect them.



8

New roads to the small-scale universe 

Direct detection: resolve individual, more massive perturbers
and infer properties (mass, position). Requires postprocessing 
and combining many images to convert detections into dark 
matter constraints.

Indirect/statistical detection: statistically detect the collective 
perturbations on images of a large number of unresolved low-
mass structures (marginalizing over individual subhalo
properties).

Diaz Rivero and Dvorkin, PRD (2019)
Ostdiek, Diaz Rivero, and Dvorkin (ApJ 2020a, A&A Lett 2020b)
Sengul, Dvorkin, Ostdiek, Tsang (2021)
[See also Hezaveh+(2016), Cyr-Racine+ (2016), etc ]

Diaz Rivero, Cyr-Racine, and Dvorkin, PRD (2017)
Diaz Rivero, Dvorkin, Cyr-Racine, Zavala, and Vogelsberger, PRD (2018)
Daylan, Cyr-Racine, Diaz Rivero, Dvorkin, Finkbeiner, ApJ (2018)
Sengul, Tsang, Diaz Rivero, Dvorkin, Zhu, and Seljak, PRD (2020)
[See also Vegetti+(2012), Hezaveh+(2016),Ritondale+(2019),Brehmer+(2019),
Despali+(2021), etc]
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Direct detection: resolve individual, more massive perturbers
and infer properties (mass, position). Requires postprocessing 
and combining many images to convert detections into dark 
matter constraints.

Indirect/statistical detection: statistically detect the collective 
perturbations on images of a large number of unresolved low-
mass structures (marginalizing over individual subhalo
properties).

New roads to the small-scale universe 

Diaz Rivero and Dvorkin, PRD (2019)
Ostdiek, Diaz Rivero, and Dvorkin (ApJ 2020a, A&A Lett 2020b)
Sengul, Dvorkin, Ostdiek, Tsang (2021)

Diaz Rivero, Cyr-Racine, and Dvorkin, PRD (2017)
Diaz Rivero, Dvorkin, Cyr-Racine, Zavala, and Vogelsberger, PRD (2018)
Daylan, Cyr-Racine, Diaz Rivero, Dvorkin, Finkbeiner, ApJ (2018)
Sengul, Tsang, Diaz Rivero, Dvorkin, Zhu, and Seljak, PRD (2020)
[See also Vegetti+(2012), Hezaveh+(2016),Ritondale+(2019),Brehmer+(2019),
Despali+(2021), etc]



Strong gravitational lensing
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Direct detection: gravitational imaging

Vegetti et al., Nature (2012)

Reconstructed 
surface mass

density



“Probing the Fundamental Nature of Dark 
Matter with the Large Synoptic Survey 
Telescope” (2019), arXiv:1902.01055

The Vera Rubin Observatory will 
discover tens of thousands of lensed 
galaxies in the coming decade.

This vast increase in sample sizes (in 
coordination with other facilities, e.g. 
HST, ELT, etc) will provide a leap in 
our understanding of dark matter.

“Probing the Fundamental Nature of Dark Matter
with the Large Synoptic Survey Telescope” 
(incl. C. Dvorkin, 2019) arXiv:1902.01055



Direct detection of substructure is computationally very 
expensive. 

Can we speed up the process of analyzing the huge number 
of lensed galaxies expected with near-future surveys?
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The road ahead:
machine learning to the rescue

Ana Diaz Rivero



Direct detection of substructure 
with machine learning

14

A. Diaz Rivero and C. Dvorkin, PRD (2019)

Classification: binary output - is an image likely to contain substructure or not?    
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Direct detection of substructure 
with image segmentation

B. Ostdiek, A. Diaz Rivero and C. Dvorkin (ApJ, 2020, A&A Lett 2020)

Bryan Ostdiek Ana Diaz Rivero

(U-Net)
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Constraints on the subhalo mass function 
with image segmentation

B. Ostdiek, A. Diaz Rivero and C. Dvorkin (ApJ, 2020, A&A Lett 2020)
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The NSF AI Institute for Artificial Intelligence 
and Fundamental Interactions (IAIFI)

We have exciting years ahead…

(Astro2020 Decadal Survey)
Ntampaka et al., 2020

(Snowmass 2021)
Dvorkin et al., 2022
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Direct detection: resolve individual, more massive perturbers
and infer properties (mass, position). Requires postprocessing 
and combining many images to convert detections into dark 
matter constraints.

Indirect/statistical detection: statistically detect the collective 
perturbations on images of a large number of unresolved low-
mass structures (marginalizing over individual subhalo
properties).

New roads to the small-scale universe 

Diaz Rivero and Dvorkin, PRD (2019)
Ostdiek, Diaz Rivero, and Dvorkin (ApJ 2020a, A&A Lett 2020b)
Sengul, Dvorkin, Ostdiek, Tsang (2021)

Diaz Rivero, Cyr-Racine, and Dvorkin, PRD (2017)
Diaz Rivero, Dvorkin, Cyr-Racine, Zavala, and Vogelsberger, PRD (2018)
Daylan, Cyr-Racine, Diaz Rivero, Dvorkin, Finkbeiner, ApJ (2018)
Sengul, Tsang, Diaz Rivero, Dvorkin, Zhu, and Seljak, PRD (2020)
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• We developed a general formalism to study the N-point function of the 
convergence field from first principles, which can be easily applied to subhalo
populations with different properties.

• We model the convergence field as a fluctuation field superimposed on the 
smoothly varying background density profile of the host:

qi are a set of parameters that represent the intrinsic properties of a subhalo.  

A. Diaz Rivero, F. Cyr-Racine, and C. Dvorkin, PRD (2017)

, where

A general framework 
for substructure statistics

(                              ).
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;

•1-subhalo term: arises from ensemble-averaging over the spatial distribution of    
a single subhalo.

•2-subhalo term: arises from averaging over pairs of distinct subhalos.

Change of language: instead of talking about lensing perturbations in terms of 
individual subhalos, look at the correlation function of the projected density field.

• Start from first principles to derive the lens plane-averaged convergence correlation  
function: 

A change of language

A. Diaz Rivero, F. Cyr-Racine, and C. Dvorkin, PRD (2017)
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Substructure convergence power spectrum

The power spectrum can be described mainly by three quantities:

A. Diaz Rivero, F. Cyr-Racine, and C. Dvorkin, PRD (2017)
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Substructure convergence power spectrum

Key probe of the inner subhalo density profile: asymptotic slope.

A. Diaz Rivero, F. Cyr-Racine, and C. Dvorkin, PRD (2017)

High-k slope 
can distinguish 

e.g. cusp vs. 
core 



Diaz Rivero+ (2018, 
2) 
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Substructure convergence power spectrum: 
redshift dependence

Exotic dark matter

Comparing the amplitude and slope of the power spectrum on scales 
0.1 kpc-1<k<10 kpc-1 from lenses at different redshifts can help us distinguish 
between CDM and other DM scenarios.

A. Diaz Rivero, C. Dvorkin, F. Cyr-Racine, J. Zavala, and M. Vogelsberger, PRD (2018)

Exotic DM: low-mass cutoff+self-interactions
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Line-of-sight (LOS) halos
Cagan Sengul Arthur Tsang

C. Sengul, A. Tsang, A. Diaz Rivero, C. Dvorkin,
H. Zhu and U. Seljak, PRD (2020)

[See also D’Aloisio and Natarajan (2010), Despali+(1017), Gilman+(2019), etc, for LOS-related works]



25

Ratio of substructure to LOS halos power spectrum amplitude:

Fraction of dark matter halo mass in substructure (fsub) 

C. Sengul, A. Tsang, A. Diaz Rivero, C. Dvorkin,
H. Zhu and U. Seljak, PRD (2020)

Line-of-sight (LOS) halos vs. subhalos

fsub= 4%fsub= 2%fsub= 0.4%
Lens redshift Lens redshift Lens redshift
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JVAS B1938+666 lens

Hubble Space Telescope photo

To translate a measured power spectrum to a dark matter    
theory: important to understand mass functions involved 
(halos along the line of sight or subhalos in the lens galaxy?) 
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Substructure Detection Reanalyzed

C. Sengul, C. Dvorkin, B. Ostdiek, A. Tsang  (2021)

We re-analyzed a system 
previously claimed as a 
subhalo and found it likely 
to be a line-of-sight halo. 

Our analysis indicates that 
this structure is more 
massive than previously 
thought by an order of 
magnitude. 

JVAS B1938+666 lens

Hubble Space Telescope photo
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From small scales From large scalesFrom large scales

Discovering New Physics 
Beyond the Standard Model



Dvorkin, Blum, Kamionkowski (2013)
Xu, Dvorkin, Chael (2018)

Rogers, Dvorkin, Peiris (2021)

Diaz Rivero, Cyr-Racine, Dvorkin (2017); Daylan, Cyr-Racine, Diaz Rivero, 
Dvorkinm Finkbeiner (2018); A. Diaz Rivero, C. Dvorkin, F. Cyr-Racine, J. 
Zavala, and M. Vogelsberger  (2018)
C. Sengul, A. Tsang, A. Diaz Rivero, C. Dvorkin, H. Zhu, and U. Seljak (2020)

DePorzio, Xu, Muñoz, Dvorkin (2020)
Xu, Muñoz, Dvorkin (2021)

wavenumber [h Mpc-1]

Dvorkin, Lin, Schutz 
(2019, 2020)

Unveiling the nature of the dark sector 
using cosmology at large and small scales
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CMB

Lyman-alpha+CMB

21 cm

Strong lensing

Galaxy Clustering
+CMB

[(h
-1

M
pc

)3
]

Muñoz, Dvorkin, Loeb (2018)
Muñoz, Dvorkin, Cyr-Racine (2019)

Chen, Lee, Dvorkin (2021)
Chakraborty, Chen, Dvorkin (2022)

CMB lensing
x Galaxies

Valogiannis and Dvorkin (2021, 2022)
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Mallat (2012); Anden and Mallat (2011, 2014); Bruna and Mallat (2013); Cheng, Ting, Ménard, and Bruna (2020);
Cheng and Ménard (2021); Valogiannis and Dvorkin (2021)

Input field Family of wavelets:

Dilated by 2j1

Rotated by l1

Going Beyond the Power Spectrum: 
an analysis of BOSS Data with Wavelet Scattering Transform

(Scrutinizing 𝛬CDM)

First application of WST 
on 3D (simulated) cosmological fields
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Valogiannis and Dvorkin (2022)

BOSS with WST:              BOSS with P(k):

(0.6% measurement of H0)

Planck results:

�8 = 0.811± 0.006
<latexit sha1_base64="4l6sFGZ9/C8EbKWRKBG/i3bmce8=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIrkJGRLsRim5cVrAXaEKYTCft0JlJmJkIJRTc+CpuXCji1pdw59uYtFlo6w8DH/85hzPnDxPOtHHdb2tpeWV1bb2yUd3c2t7Ztff22zpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Eo5ui3nmgSrNY3ptxQn2BB5JFjGCTW4F96Gk2EDioX7lOHSEvEdB1XPfC86qBXSuwEFwEVEINlGoG9pfXj0kqqDSEY617yE2Mn2FlGOF0UvVSTRNMRnhAezlKLKj2s+kNE3iSO30YxSp/0sCp+3siw0LrsQjzToHNUM/XCvO/Wi81Ud3PmExSQyWZLYpSDk0Mi0BgnylKDB/ngIli+V8hGWKFicljK0JA8ycvQvvMQa6D7s5rjesyjgo4AsfgFCBwCRrgFjRBCxDwCJ7BK3iznqwX6936mLUuWeXMAfgj6/MHthqU9w==</latexit><latexit sha1_base64="4l6sFGZ9/C8EbKWRKBG/i3bmce8=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIrkJGRLsRim5cVrAXaEKYTCft0JlJmJkIJRTc+CpuXCji1pdw59uYtFlo6w8DH/85hzPnDxPOtHHdb2tpeWV1bb2yUd3c2t7Ztff22zpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Eo5ui3nmgSrNY3ptxQn2BB5JFjGCTW4F96Gk2EDioX7lOHSEvEdB1XPfC86qBXSuwEFwEVEINlGoG9pfXj0kqqDSEY617yE2Mn2FlGOF0UvVSTRNMRnhAezlKLKj2s+kNE3iSO30YxSp/0sCp+3siw0LrsQjzToHNUM/XCvO/Wi81Ud3PmExSQyWZLYpSDk0Mi0BgnylKDB/ngIli+V8hGWKFicljK0JA8ycvQvvMQa6D7s5rjesyjgo4AsfgFCBwCRrgFjRBCxDwCJ7BK3iznqwX6936mLUuWeXMAfgj6/MHthqU9w==</latexit><latexit sha1_base64="4l6sFGZ9/C8EbKWRKBG/i3bmce8=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIrkJGRLsRim5cVrAXaEKYTCft0JlJmJkIJRTc+CpuXCji1pdw59uYtFlo6w8DH/85hzPnDxPOtHHdb2tpeWV1bb2yUd3c2t7Ztff22zpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Eo5ui3nmgSrNY3ptxQn2BB5JFjGCTW4F96Gk2EDioX7lOHSEvEdB1XPfC86qBXSuwEFwEVEINlGoG9pfXj0kqqDSEY617yE2Mn2FlGOF0UvVSTRNMRnhAezlKLKj2s+kNE3iSO30YxSp/0sCp+3siw0LrsQjzToHNUM/XCvO/Wi81Ud3PmExSQyWZLYpSDk0Mi0BgnylKDB/ngIli+V8hGWKFicljK0JA8ycvQvvMQa6D7s5rjesyjgo4AsfgFCBwCRrgFjRBCxDwCJ7BK3iznqwX6936mLUuWeXMAfgj6/MHthqU9w==</latexit><latexit sha1_base64="4l6sFGZ9/C8EbKWRKBG/i3bmce8=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIrkJGRLsRim5cVrAXaEKYTCft0JlJmJkIJRTc+CpuXCji1pdw59uYtFlo6w8DH/85hzPnDxPOtHHdb2tpeWV1bb2yUd3c2t7Ztff22zpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Eo5ui3nmgSrNY3ptxQn2BB5JFjGCTW4F96Gk2EDioX7lOHSEvEdB1XPfC86qBXSuwEFwEVEINlGoG9pfXj0kqqDSEY617yE2Mn2FlGOF0UvVSTRNMRnhAezlKLKj2s+kNE3iSO30YxSp/0sCp+3siw0LrsQjzToHNUM/XCvO/Wi81Ud3PmExSQyWZLYpSDk0Mi0BgnylKDB/ngIli+V8hGWKFicljK0JA8ycvQvvMQa6D7s5rjesyjgo4AsfgFCBwCRrgFjRBCxDwCJ7BK3iznqwX6936mLUuWeXMAfgj6/MHthqU9w==</latexit>

H0 = 67.4± 0.5
<latexit sha1_base64="CSVRodxvZcPSGpfnunWqw1u8umI=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgKkykWjdC0U2XFewD2hAm00k7dDIJMxOl1H6KGxeKuPVL3Pk3TtostPXAhcM593LvPUHCmdIIfVuFtfWNza3idmlnd2//wC4ftlWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG8zv/NApWKxuNeThHoRHgoWMoK1kXy73PDR9WXNqfaTCCLnApZ8u4IcNAdcJW5OKiBH07e/+oOYpBEVmnCsVM9FifamWGpGOJ2V+qmiCSZjPKQ9QwWOqPKm89Nn8NQoAxjG0pTQcK7+npjiSKlJFJjOCOuRWvYy8T+vl+rwypsykaSaCrJYFKYc6hhmOcABk5RoPjEEE8nMrZCMsMREm7SyENzll1dJ+9xxkePeVSv1mzyOIjgGJ+AMuKAG6qABmqAFCHgEz+AVvFlP1ov1bn0sWgtWPnME/sD6/AEgqJFO</latexit><latexit sha1_base64="CSVRodxvZcPSGpfnunWqw1u8umI=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgKkykWjdC0U2XFewD2hAm00k7dDIJMxOl1H6KGxeKuPVL3Pk3TtostPXAhcM593LvPUHCmdIIfVuFtfWNza3idmlnd2//wC4ftlWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG8zv/NApWKxuNeThHoRHgoWMoK1kXy73PDR9WXNqfaTCCLnApZ8u4IcNAdcJW5OKiBH07e/+oOYpBEVmnCsVM9FifamWGpGOJ2V+qmiCSZjPKQ9QwWOqPKm89Nn8NQoAxjG0pTQcK7+npjiSKlJFJjOCOuRWvYy8T+vl+rwypsykaSaCrJYFKYc6hhmOcABk5RoPjEEE8nMrZCMsMREm7SyENzll1dJ+9xxkePeVSv1mzyOIjgGJ+AMuKAG6qABmqAFCHgEz+AVvFlP1ov1bn0sWgtWPnME/sD6/AEgqJFO</latexit><latexit sha1_base64="CSVRodxvZcPSGpfnunWqw1u8umI=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgKkykWjdC0U2XFewD2hAm00k7dDIJMxOl1H6KGxeKuPVL3Pk3TtostPXAhcM593LvPUHCmdIIfVuFtfWNza3idmlnd2//wC4ftlWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG8zv/NApWKxuNeThHoRHgoWMoK1kXy73PDR9WXNqfaTCCLnApZ8u4IcNAdcJW5OKiBH07e/+oOYpBEVmnCsVM9FifamWGpGOJ2V+qmiCSZjPKQ9QwWOqPKm89Nn8NQoAxjG0pTQcK7+npjiSKlJFJjOCOuRWvYy8T+vl+rwypsykaSaCrJYFKYc6hhmOcABk5RoPjEEE8nMrZCMsMREm7SyENzll1dJ+9xxkePeVSv1mzyOIjgGJ+AMuKAG6qABmqAFCHgEz+AVvFlP1ov1bn0sWgtWPnME/sD6/AEgqJFO</latexit><latexit sha1_base64="CSVRodxvZcPSGpfnunWqw1u8umI=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgKkykWjdC0U2XFewD2hAm00k7dDIJMxOl1H6KGxeKuPVL3Pk3TtostPXAhcM593LvPUHCmdIIfVuFtfWNza3idmlnd2//wC4ftlWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG8zv/NApWKxuNeThHoRHgoWMoK1kXy73PDR9WXNqfaTCCLnApZ8u4IcNAdcJW5OKiBH07e/+oOYpBEVmnCsVM9FifamWGpGOJ2V+qmiCSZjPKQ9QwWOqPKm89Nn8NQoAxjG0pTQcK7+npjiSKlJFJjOCOuRWvYy8T+vl+rwypsykaSaCrJYFKYc6hhmOcABk5RoPjEEE8nMrZCMsMREm7SyENzll1dJ+9xxkePeVSv1mzyOIjgGJ+AMuKAG6qABmqAFCHgEz+AVvFlP1ov1bn0sWgtWPnME/sD6/AEgqJFO</latexit>

H0 = 68.31+0.42
�0.42

<latexit sha1_base64="ymmaeXr+YuaXSwg9nG1tnF8NrYg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQRwytWg3QtFNlxXsA9pxyKSZNjTzIMkIZShu/BU3LhRx61e4829M21lo64HLPZxzL8k9XsyZVAh9G7ml5ZXVtfx6YWNza3vH3N1ryigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vJn4rQcqJIvCOzWKqRPgfsh8RrDSkmse1Fx0dVGxzu379BRZ5dLYTc9m3SwiC00BF4mdkSLIUHfNr24vIklAQ0U4lrJjo1g5KRaKEU7HhW4iaYzJEPdpR9MQB1Q66fSEMTzWSg/6kdAVKjhVf2+kOJByFHh6MsBqIOe9ifif10mUX3FSFsaJoiGZPeQnHKoITvKAPSYoUXykCSaC6b9CMsACE6VTK+gQ7PmTF0mzZNnIsm/Lxep1FkceHIIjcAJscAmqoAbqoAEIeATP4BW8GU/Gi/FufMxGc0a2sw/+wPj8AXqylEY=</latexit><latexit sha1_base64="ymmaeXr+YuaXSwg9nG1tnF8NrYg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQRwytWg3QtFNlxXsA9pxyKSZNjTzIMkIZShu/BU3LhRx61e4829M21lo64HLPZxzL8k9XsyZVAh9G7ml5ZXVtfx6YWNza3vH3N1ryigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vJn4rQcqJIvCOzWKqRPgfsh8RrDSkmse1Fx0dVGxzu379BRZ5dLYTc9m3SwiC00BF4mdkSLIUHfNr24vIklAQ0U4lrJjo1g5KRaKEU7HhW4iaYzJEPdpR9MQB1Q66fSEMTzWSg/6kdAVKjhVf2+kOJByFHh6MsBqIOe9ifif10mUX3FSFsaJoiGZPeQnHKoITvKAPSYoUXykCSaC6b9CMsACE6VTK+gQ7PmTF0mzZNnIsm/Lxep1FkceHIIjcAJscAmqoAbqoAEIeATP4BW8GU/Gi/FufMxGc0a2sw/+wPj8AXqylEY=</latexit><latexit sha1_base64="ymmaeXr+YuaXSwg9nG1tnF8NrYg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQRwytWg3QtFNlxXsA9pxyKSZNjTzIMkIZShu/BU3LhRx61e4829M21lo64HLPZxzL8k9XsyZVAh9G7ml5ZXVtfx6YWNza3vH3N1ryigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vJn4rQcqJIvCOzWKqRPgfsh8RrDSkmse1Fx0dVGxzu379BRZ5dLYTc9m3SwiC00BF4mdkSLIUHfNr24vIklAQ0U4lrJjo1g5KRaKEU7HhW4iaYzJEPdpR9MQB1Q66fSEMTzWSg/6kdAVKjhVf2+kOJByFHh6MsBqIOe9ifif10mUX3FSFsaJoiGZPeQnHKoITvKAPSYoUXykCSaC6b9CMsACE6VTK+gQ7PmTF0mzZNnIsm/Lxep1FkceHIIjcAJscAmqoAbqoAEIeATP4BW8GU/Gi/FufMxGc0a2sw/+wPj8AXqylEY=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="Crxtc9Rc6Emf3FgDG5FUXmO2MqI=">AAAB93icbZDLSgMxGIX/qbdaq47uxE2wCII4ZKpoN4LgpssK9gLtOGTStA3NXEgyQhmKG1/FjQtFfBN3vo3pZaGtB0I+zklI/hMkgiuN8beVW1ldW9/Ibxa2its7u/ZesaHiVFJWp7GIZSsgigkesbrmWrBWIhkJA8GawfB2kjcfmVQ8ju71KGFeSPoR73FKtLF8+6Dq4+vLinPuPmSn2Lkoj/3sbLbbJezgqdAyuHMowVw13/7qdGOahizSVBCl2i5OtJcRqTkVbFzopIolhA5Jn7UNRiRkysumI4zRsXG6qBdLsyKNpu7vGxkJlRqFgTkZEj1Qi9nE/C9rp7pX8TIeJalmEZ091EsF0jGa9IG6XDKqxcgAoZKbvyI6IJJQbVormBLcxZGXoVF2XOy4dxjycAhHcAIuXMENVKEGdaDwBC/wBu/Ws/Vqfczqylnz3vbhj6zPHxqKktk=</latexit><latexit sha1_base64="Crxtc9Rc6Emf3FgDG5FUXmO2MqI=">AAAB93icbZDLSgMxGIX/qbdaq47uxE2wCII4ZKpoN4LgpssK9gLtOGTStA3NXEgyQhmKG1/FjQtFfBN3vo3pZaGtB0I+zklI/hMkgiuN8beVW1ldW9/Ibxa2its7u/ZesaHiVFJWp7GIZSsgigkesbrmWrBWIhkJA8GawfB2kjcfmVQ8ju71KGFeSPoR73FKtLF8+6Dq4+vLinPuPmSn2Lkoj/3sbLbbJezgqdAyuHMowVw13/7qdGOahizSVBCl2i5OtJcRqTkVbFzopIolhA5Jn7UNRiRkysumI4zRsXG6qBdLsyKNpu7vGxkJlRqFgTkZEj1Qi9nE/C9rp7pX8TIeJalmEZ091EsF0jGa9IG6XDKqxcgAoZKbvyI6IJJQbVormBLcxZGXoVF2XOy4dxjycAhHcAIuXMENVKEGdaDwBC/wBu/Ws/Vqfczqylnz3vbhj6zPHxqKktk=</latexit><latexit sha1_base64="nC3FlwXIUgXlxYnsZFUHBr2ghXk=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQRwyVbQboeimywr2Ae04ZNK0Dc1khiQjlKG48VfcuFDErV/hzr8xbWeh1QOXezjnXpJ7gpgzpRH6snILi0vLK/nVwtr6xuaWvb3TUFEiCa2TiEeyFWBFORO0rpnmtBVLisOA02YwvJ74zXsqFYvErR7F1AtxX7AeI1gbybf3qj66PC87p+5deoycs9LYT09m3S4iB00B/xI3I0WQoebbn51uRJKQCk04Vqrtolh7KZaaEU7HhU6iaIzJEPdp21CBQ6q8dHrCGB4apQt7kTQlNJyqPzdSHCo1CgMzGWI9UPPeRPzPaye6V/ZSJuJEU0FmD/USDnUEJ3nALpOUaD4yBBPJzF8hGWCJiTapFUwI7vzJf0mj5LjIcW9QsXKVxZEH++AAHAEXXIAKqIIaqAMCHsATeAGv1qP1bL1Z77PRnJXt7IJfsD6+AXlylEI=</latexit><latexit sha1_base64="ymmaeXr+YuaXSwg9nG1tnF8NrYg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQRwytWg3QtFNlxXsA9pxyKSZNjTzIMkIZShu/BU3LhRx61e4829M21lo64HLPZxzL8k9XsyZVAh9G7ml5ZXVtfx6YWNza3vH3N1ryigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vJn4rQcqJIvCOzWKqRPgfsh8RrDSkmse1Fx0dVGxzu379BRZ5dLYTc9m3SwiC00BF4mdkSLIUHfNr24vIklAQ0U4lrJjo1g5KRaKEU7HhW4iaYzJEPdpR9MQB1Q66fSEMTzWSg/6kdAVKjhVf2+kOJByFHh6MsBqIOe9ifif10mUX3FSFsaJoiGZPeQnHKoITvKAPSYoUXykCSaC6b9CMsACE6VTK+gQ7PmTF0mzZNnIsm/Lxep1FkceHIIjcAJscAmqoAbqoAEIeATP4BW8GU/Gi/FufMxGc0a2sw/+wPj8AXqylEY=</latexit><latexit sha1_base64="ymmaeXr+YuaXSwg9nG1tnF8NrYg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQRwytWg3QtFNlxXsA9pxyKSZNjTzIMkIZShu/BU3LhRx61e4829M21lo64HLPZxzL8k9XsyZVAh9G7ml5ZXVtfx6YWNza3vH3N1ryigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vJn4rQcqJIvCOzWKqRPgfsh8RrDSkmse1Fx0dVGxzu379BRZ5dLYTc9m3SwiC00BF4mdkSLIUHfNr24vIklAQ0U4lrJjo1g5KRaKEU7HhW4iaYzJEPdpR9MQB1Q66fSEMTzWSg/6kdAVKjhVf2+kOJByFHh6MsBqIOe9ifif10mUX3FSFsaJoiGZPeQnHKoITvKAPSYoUXykCSaC6b9CMsACE6VTK+gQ7PmTF0mzZNnIsm/Lxep1FkceHIIjcAJscAmqoAbqoAEIeATP4BW8GU/Gi/FufMxGc0a2sw/+wPj8AXqylEY=</latexit><latexit sha1_base64="ymmaeXr+YuaXSwg9nG1tnF8NrYg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQRwytWg3QtFNlxXsA9pxyKSZNjTzIMkIZShu/BU3LhRx61e4829M21lo64HLPZxzL8k9XsyZVAh9G7ml5ZXVtfx6YWNza3vH3N1ryigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vJn4rQcqJIvCOzWKqRPgfsh8RrDSkmse1Fx0dVGxzu379BRZ5dLYTc9m3SwiC00BF4mdkSLIUHfNr24vIklAQ0U4lrJjo1g5KRaKEU7HhW4iaYzJEPdpR9MQB1Q66fSEMTzWSg/6kdAVKjhVf2+kOJByFHh6MsBqIOe9ifif10mUX3FSFsaJoiGZPeQnHKoITvKAPSYoUXykCSaC6b9CMsACE6VTK+gQ7PmTF0mzZNnIsm/Lxep1FkceHIIjcAJscAmqoAbqoAEIeATP4BW8GU/Gi/FufMxGc0a2sw/+wPj8AXqylEY=</latexit><latexit sha1_base64="ymmaeXr+YuaXSwg9nG1tnF8NrYg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQRwytWg3QtFNlxXsA9pxyKSZNjTzIMkIZShu/BU3LhRx61e4829M21lo64HLPZxzL8k9XsyZVAh9G7ml5ZXVtfx6YWNza3vH3N1ryigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vJn4rQcqJIvCOzWKqRPgfsh8RrDSkmse1Fx0dVGxzu379BRZ5dLYTc9m3SwiC00BF4mdkSLIUHfNr24vIklAQ0U4lrJjo1g5KRaKEU7HhW4iaYzJEPdpR9MQB1Q66fSEMTzWSg/6kdAVKjhVf2+kOJByFHh6MsBqIOe9ifif10mUX3FSFsaJoiGZPeQnHKoITvKAPSYoUXykCSaC6b9CMsACE6VTK+gQ7PmTF0mzZNnIsm/Lxep1FkceHIIjcAJscAmqoAbqoAEIeATP4BW8GU/Gi/FufMxGc0a2sw/+wPj8AXqylEY=</latexit><latexit sha1_base64="ymmaeXr+YuaXSwg9nG1tnF8NrYg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQRwytWg3QtFNlxXsA9pxyKSZNjTzIMkIZShu/BU3LhRx61e4829M21lo64HLPZxzL8k9XsyZVAh9G7ml5ZXVtfx6YWNza3vH3N1ryigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vJn4rQcqJIvCOzWKqRPgfsh8RrDSkmse1Fx0dVGxzu379BRZ5dLYTc9m3SwiC00BF4mdkSLIUHfNr24vIklAQ0U4lrJjo1g5KRaKEU7HhW4iaYzJEPdpR9MQB1Q66fSEMTzWSg/6kdAVKjhVf2+kOJByFHh6MsBqIOe9ifif10mUX3FSFsaJoiGZPeQnHKoITvKAPSYoUXykCSaC6b9CMsACE6VTK+gQ7PmTF0mzZNnIsm/Lxep1FkceHIIjcAJscAmqoAbqoAEIeATP4BW8GU/Gi/FufMxGc0a2sw/+wPj8AXqylEY=</latexit><latexit sha1_base64="ymmaeXr+YuaXSwg9nG1tnF8NrYg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQRwytWg3QtFNlxXsA9pxyKSZNjTzIMkIZShu/BU3LhRx61e4829M21lo64HLPZxzL8k9XsyZVAh9G7ml5ZXVtfx6YWNza3vH3N1ryigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vJn4rQcqJIvCOzWKqRPgfsh8RrDSkmse1Fx0dVGxzu379BRZ5dLYTc9m3SwiC00BF4mdkSLIUHfNr24vIklAQ0U4lrJjo1g5KRaKEU7HhW4iaYzJEPdpR9MQB1Q66fSEMTzWSg/6kdAVKjhVf2+kOJByFHh6MsBqIOe9ifif10mUX3FSFsaJoiGZPeQnHKoITvKAPSYoUXykCSaC6b9CMsACE6VTK+gQ7PmTF0mzZNnIsm/Lxep1FkceHIIjcAJscAmqoAbqoAEIeATP4BW8GU/Gi/FufMxGc0a2sw/+wPj8AXqylEY=</latexit>

km/s/Mpc

�8 = 0.695+0.024
�0.024

<latexit sha1_base64="baQwsOvHrADNnUtlonDpykhsQmk=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIA4zpWpdCEU3LivYC7TjkEnTNjTJDElGKEO3bnwVNy4UcesbuPNtTNtZaOsPgY//nMPJ+cOYUaVd99taWFxaXlnNreXXNza3tu2d3bqKEolJDUcsks0QKcKoIDVNNSPNWBLEQ0Ya4eB6XG88EKloJO70MCY+Rz1BuxQjbazAhm1FexwF5UvXObs4vU+PXcctlkZBepKBXTAwEZwHL4MCyFQN7K92J8IJJ0JjhpRqeW6s/RRJTTEjo3w7USRGeIB6pGVQIE6Un04uGcFD43RgN5LmCQ0n7u+JFHGlhjw0nRzpvpqtjc3/aq1Ed8t+SkWcaCLwdFE3YVBHcBwL7FBJsGZDAwhLav4KcR9JhLUJL29C8GZPnod60fFcx7stFSpXWRw5sA8OwBHwwDmogBtQBTWAwSN4Bq/gzXqyXqx362PaumBlM3vgj6zPH6rclxs=</latexit><latexit sha1_base64="baQwsOvHrADNnUtlonDpykhsQmk=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIA4zpWpdCEU3LivYC7TjkEnTNjTJDElGKEO3bnwVNy4UcesbuPNtTNtZaOsPgY//nMPJ+cOYUaVd99taWFxaXlnNreXXNza3tu2d3bqKEolJDUcsks0QKcKoIDVNNSPNWBLEQ0Ya4eB6XG88EKloJO70MCY+Rz1BuxQjbazAhm1FexwF5UvXObs4vU+PXcctlkZBepKBXTAwEZwHL4MCyFQN7K92J8IJJ0JjhpRqeW6s/RRJTTEjo3w7USRGeIB6pGVQIE6Un04uGcFD43RgN5LmCQ0n7u+JFHGlhjw0nRzpvpqtjc3/aq1Ed8t+SkWcaCLwdFE3YVBHcBwL7FBJsGZDAwhLav4KcR9JhLUJL29C8GZPnod60fFcx7stFSpXWRw5sA8OwBHwwDmogBtQBTWAwSN4Bq/gzXqyXqx362PaumBlM3vgj6zPH6rclxs=</latexit><latexit sha1_base64="baQwsOvHrADNnUtlonDpykhsQmk=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIA4zpWpdCEU3LivYC7TjkEnTNjTJDElGKEO3bnwVNy4UcesbuPNtTNtZaOsPgY//nMPJ+cOYUaVd99taWFxaXlnNreXXNza3tu2d3bqKEolJDUcsks0QKcKoIDVNNSPNWBLEQ0Ya4eB6XG88EKloJO70MCY+Rz1BuxQjbazAhm1FexwF5UvXObs4vU+PXcctlkZBepKBXTAwEZwHL4MCyFQN7K92J8IJJ0JjhpRqeW6s/RRJTTEjo3w7USRGeIB6pGVQIE6Un04uGcFD43RgN5LmCQ0n7u+JFHGlhjw0nRzpvpqtjc3/aq1Ed8t+SkWcaCLwdFE3YVBHcBwL7FBJsGZDAwhLav4KcR9JhLUJL29C8GZPnod60fFcx7stFSpXWRw5sA8OwBHwwDmogBtQBTWAwSN4Bq/gzXqyXqx362PaumBlM3vgj6zPH6rclxs=</latexit><latexit sha1_base64="baQwsOvHrADNnUtlonDpykhsQmk=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIA4zpWpdCEU3LivYC7TjkEnTNjTJDElGKEO3bnwVNy4UcesbuPNtTNtZaOsPgY//nMPJ+cOYUaVd99taWFxaXlnNreXXNza3tu2d3bqKEolJDUcsks0QKcKoIDVNNSPNWBLEQ0Ya4eB6XG88EKloJO70MCY+Rz1BuxQjbazAhm1FexwF5UvXObs4vU+PXcctlkZBepKBXTAwEZwHL4MCyFQN7K92J8IJJ0JjhpRqeW6s/RRJTTEjo3w7USRGeIB6pGVQIE6Un04uGcFD43RgN5LmCQ0n7u+JFHGlhjw0nRzpvpqtjc3/aq1Ed8t+SkWcaCLwdFE3YVBHcBwL7FBJsGZDAwhLav4KcR9JhLUJL29C8GZPnod60fFcx7stFSpXWRw5sA8OwBHwwDmogBtQBTWAwSN4Bq/gzXqyXqx362PaumBlM3vgj6zPH6rclxs=</latexit>

Georgios Valogiannis

km/s/Mpc

Going Beyond the Power Spectrum: 
an analysis of BOSS Data with Wavelet Scattering Transform

(Scrutinizing 𝛬CDM)

�8 = 0.77+0.14
�0.14

<latexit sha1_base64="kt9o6V2VmpBkaTWwSmiYI7mLrTQ=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgiMOMFNqNUHTjsoJ9QDsOmTTThiaZIckIZejKjb/ixoUibv0Gd/6NaTsLrR643MM595LcEyaMKu26X1ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHo6up374nUtFY3OpxQnyOBoJGFCNtpMA+7Ck64CioXbhOtXqXnbqOV5kE2dm822XXcWeAf4mXkzLI0Qjsz14/xiknQmOGlOp6bqL9DElNMSOTUi9VJEF4hAaka6hAnCg/m50xgcdG6cMolqaEhjP150aGuFJjHppJjvRQLXpT8T+vm+qo5mdUJKkmAs8filIGdQynmcA+lQRrNjYEYUnNXyEeIomwNsmVTAje4sl/Sevc8UxmN5Vy/TKPowgOwBE4AR6ogjq4Bg3QBBg8gCfwAl6tR+vZerPe56MFK9/ZB79gfXwDPNuWZQ==</latexit><latexit sha1_base64="kt9o6V2VmpBkaTWwSmiYI7mLrTQ=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgiMOMFNqNUHTjsoJ9QDsOmTTThiaZIckIZejKjb/ixoUibv0Gd/6NaTsLrR643MM595LcEyaMKu26X1ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHo6up374nUtFY3OpxQnyOBoJGFCNtpMA+7Ck64CioXbhOtXqXnbqOV5kE2dm822XXcWeAf4mXkzLI0Qjsz14/xiknQmOGlOp6bqL9DElNMSOTUi9VJEF4hAaka6hAnCg/m50xgcdG6cMolqaEhjP150aGuFJjHppJjvRQLXpT8T+vm+qo5mdUJKkmAs8filIGdQynmcA+lQRrNjYEYUnNXyEeIomwNsmVTAje4sl/Sevc8UxmN5Vy/TKPowgOwBE4AR6ogjq4Bg3QBBg8gCfwAl6tR+vZerPe56MFK9/ZB79gfXwDPNuWZQ==</latexit><latexit sha1_base64="kt9o6V2VmpBkaTWwSmiYI7mLrTQ=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgiMOMFNqNUHTjsoJ9QDsOmTTThiaZIckIZejKjb/ixoUibv0Gd/6NaTsLrR643MM595LcEyaMKu26X1ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHo6up374nUtFY3OpxQnyOBoJGFCNtpMA+7Ck64CioXbhOtXqXnbqOV5kE2dm822XXcWeAf4mXkzLI0Qjsz14/xiknQmOGlOp6bqL9DElNMSOTUi9VJEF4hAaka6hAnCg/m50xgcdG6cMolqaEhjP150aGuFJjHppJjvRQLXpT8T+vm+qo5mdUJKkmAs8filIGdQynmcA+lQRrNjYEYUnNXyEeIomwNsmVTAje4sl/Sevc8UxmN5Vy/TKPowgOwBE4AR6ogjq4Bg3QBBg8gCfwAl6tR+vZerPe56MFK9/ZB79gfXwDPNuWZQ==</latexit><latexit sha1_base64="kt9o6V2VmpBkaTWwSmiYI7mLrTQ=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgiMOMFNqNUHTjsoJ9QDsOmTTThiaZIckIZejKjb/ixoUibv0Gd/6NaTsLrR643MM595LcEyaMKu26X1ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHo6up374nUtFY3OpxQnyOBoJGFCNtpMA+7Ck64CioXbhOtXqXnbqOV5kE2dm822XXcWeAf4mXkzLI0Qjsz14/xiknQmOGlOp6bqL9DElNMSOTUi9VJEF4hAaka6hAnCg/m50xgcdG6cMolqaEhjP150aGuFJjHppJjvRQLXpT8T+vm+qo5mdUJKkmAs8filIGdQynmcA+lQRrNjYEYUnNXyEeIomwNsmVTAje4sl/Sevc8UxmN5Vy/TKPowgOwBE4AR6ogjq4Bg3QBBg8gCfwAl6tR+vZerPe56MFK9/ZB79gfXwDPNuWZQ==</latexit>

H0 = 67.6+1.0
�1.2

<latexit sha1_base64="2LYLRct565xnR5eAoC8kaTPpn5E=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBDEkRVo3QtFNlxXsA9oYJtNJO3QyCTMTocQs/BU3LhRx62+482+ctllo9cCFwzn3cu89fsyoVLb9ZRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/fD31O/dESBrxWzWJiRuiIacBxUhpyTMPGp59Wa1Z1bv01LHszEvPHKuSeWbZtuwZ4F/i5KQMcjQ987M/iHASEq4wQ1L2HDtWboqEopiRrNRPJIkRHqMh6WnKUUikm87uz+CxVgYwiIQuruBM/TmRolDKSejrzhCpkVz0puJ/Xi9RwYWbUh4ninA8XxQkDKoITsOAAyoIVmyiCcKC6lshHiGBsNKRlXQIzuLLf0m7Yjm25dycl+tXeRxFcAiOwAlwQA3UQQM0QQtg8ACewAt4NR6NZ+PNeJ+3Fox8Zh/8gvHxDRZQk5E=</latexit><latexit sha1_base64="2LYLRct565xnR5eAoC8kaTPpn5E=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBDEkRVo3QtFNlxXsA9oYJtNJO3QyCTMTocQs/BU3LhRx62+482+ctllo9cCFwzn3cu89fsyoVLb9ZRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/fD31O/dESBrxWzWJiRuiIacBxUhpyTMPGp59Wa1Z1bv01LHszEvPHKuSeWbZtuwZ4F/i5KQMcjQ987M/iHASEq4wQ1L2HDtWboqEopiRrNRPJIkRHqMh6WnKUUikm87uz+CxVgYwiIQuruBM/TmRolDKSejrzhCpkVz0puJ/Xi9RwYWbUh4ninA8XxQkDKoITsOAAyoIVmyiCcKC6lshHiGBsNKRlXQIzuLLf0m7Yjm25dycl+tXeRxFcAiOwAlwQA3UQQM0QQtg8ACewAt4NR6NZ+PNeJ+3Fox8Zh/8gvHxDRZQk5E=</latexit><latexit sha1_base64="2LYLRct565xnR5eAoC8kaTPpn5E=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBDEkRVo3QtFNlxXsA9oYJtNJO3QyCTMTocQs/BU3LhRx62+482+ctllo9cCFwzn3cu89fsyoVLb9ZRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/fD31O/dESBrxWzWJiRuiIacBxUhpyTMPGp59Wa1Z1bv01LHszEvPHKuSeWbZtuwZ4F/i5KQMcjQ987M/iHASEq4wQ1L2HDtWboqEopiRrNRPJIkRHqMh6WnKUUikm87uz+CxVgYwiIQuruBM/TmRolDKSejrzhCpkVz0puJ/Xi9RwYWbUh4ninA8XxQkDKoITsOAAyoIVmyiCcKC6lshHiGBsNKRlXQIzuLLf0m7Yjm25dycl+tXeRxFcAiOwAlwQA3UQQM0QQtg8ACewAt4NR6NZ+PNeJ+3Fox8Zh/8gvHxDRZQk5E=</latexit><latexit sha1_base64="2LYLRct565xnR5eAoC8kaTPpn5E=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBDEkRVo3QtFNlxXsA9oYJtNJO3QyCTMTocQs/BU3LhRx62+482+ctllo9cCFwzn3cu89fsyoVLb9ZRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/fD31O/dESBrxWzWJiRuiIacBxUhpyTMPGp59Wa1Z1bv01LHszEvPHKuSeWbZtuwZ4F/i5KQMcjQ987M/iHASEq4wQ1L2HDtWboqEopiRrNRPJIkRHqMh6WnKUUikm87uz+CxVgYwiIQuruBM/TmRolDKSejrzhCpkVz0puJ/Xi9RwYWbUh4ninA8XxQkDKoITsOAAyoIVmyiCcKC6lshHiGBsNKRlXQIzuLLf0m7Yjm25dycl+tXeRxFcAiOwAlwQA3UQQM0QQtg8ACewAt4NR6NZ+PNeJ+3Fox8Zh/8gvHxDRZQk5E=</latexit>
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First application of WST on galaxy data
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Dvorkin, Blum, Kamionkowski (2013)
Xu, Dvorkin, Chael (2018)

Rogers, Dvorkin, Peiris (2021)

Diaz Rivero, Cyr-Racine, Dvorkin (2017); Daylan, Cyr-Racine, Diaz Rivero, 
Dvorkinm Finkbeiner (2018); A. Diaz Rivero, C. Dvorkin, F. Cyr-Racine, J. 
Zavala, and M. Vogelsberger  (2018)
C. Sengul, A. Tsang, A. Diaz Rivero, C. Dvorkin, H. Zhu, and U. Seljak (2020)

DePorzio, Xu, Muñoz, Dvorkin (2020)
Xu, Muñoz, Dvorkin (2021)

wavenumber [h Mpc-1]

Dvorkin, Lin, Schutz 
(2019, 2020)
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CMB

Lyman-alpha+CMB

21 cm

Strong lensing

Galaxy Clustering
+CMB

[(h
-1

M
pc

)3
]

Muñoz, Dvorkin, Loeb (2018)
Muñoz, Dvorkin, Cyr-Racine (2019)

Chen, Lee, Dvorkin (2021)
Chakraborty, Chen, Dvorkin (2022)

CMB lensing
x Galaxies

DePorzio, Xu, Muñoz, Dvorkin (2020)
Xu, Muñoz, Dvorkin (2021)

Galaxy Clustering
+CMB

Looking for new particles beyond the 
Standard Model in the CMB and galaxy surveys

Valogiannis 
and Dvorkin (2021, 2022)

Nick DePorzio Linda Xu Julian Muñoz
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M
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)3
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New Light 
Particles
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Cosmological Light Relics

[Green et al. (2019); 
Brust, Kaplan and Walters (2013)]DePorzio, Xu, Muñoz, Dvorkin (PRD, 2021)

Cosmic neutrino 
background

Cosmic microwave 
background
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CMB-S4
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What happens if the relics aren’t massless?
A search for light but Massive Relics (LiMRs)

• Light but massive relics (LiMRs): particles that were in thermal contact 
with the Standard Model in the early universe, relativistic
at decoupling, but behave as matter today.

Fermionic                    Bosonic

• We will use their unique imprints on the large-scale structure of the 
universe to look for them. 

Slide credit: Linda Xu
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N. DePorzio, W. L. Xu, J. Muñoz, C. Dvorkin (PRD, 2021)
[see also J. Muñoz and C. Dvorkin (PRD, 2018)]

Scale set by the 
free-streaming scale: kfs~mX/TX

Wavenumber [h/Mpc]
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LiMRs and their imprints 
on the large-scale structure
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W. L. Xu, J. Muñoz, C. Dvorkin (PRD, 2021)

A search for Light but Massive Relics (LiMRs)
in current CMB and galaxy data sets

Neff=0.2

Improvement over Neff!
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allowed

(Marginalized over 𝛬CDM + M𝞶 + bias parameters)
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T=0.91 K

Limits on LiMRs at minimum temperature

W. L. Xu, J. Muñoz, C. Dvorkin (PRD, 2021)
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T=0.91 K

Limits on LiMRs at minimum temperature

Ly-alpha:
<16 eV (Viel + 2005)

CMB:
< 5 eV (Osato+ 2016)

Tightest limit on 
the gravitino 
mass to date:
<2.3 eV @95% CL

W. L. Xu, J. Muñoz, C. Dvorkin (PRD, 2021)
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• New roads to the small-scale universe (e.g., with strong 
gravitational lensing).

• Novel statistical techniques to accelerate discovery (e.g., 
with machine learning).

• Scrutinizing 𝛬CDM using its non-Gaussian information 
(e.g., Wavelet Scattering Transform analysis of BOSS data).

• Looking for new physics Beyond the Standard Model with    
cosmology (e.g., search for Light but Massive Relics - LiMRs).

Concluding thoughts


