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Horizon Run 5 (Lee & Shin+ 2020)



Gott+ (2005)
Distance : ~310 Mpc
Length : ~419 Mpc

Geller & Huchra (1989)
Distance : ~110 Mpc
Length : ~233 Mpc 1pc = 3.26 light year



HectoMAP
Geller+ (2011)

VIPERS
Guzzo+ (2013)



© Planck

𝛿𝑇/𝑇 ~ 10−5

@ 𝑧~1,100

(c) ESO/Planck



• Gravity + Cosmic Expansion 
→ Dense becomes denser, sparse becomes more 
sparse

• Once density is greater than a certain threshold,
matter will gravitational collapse irrespective to the 
cosmic expansion

• Small-scale structures form larger-scale structures



Horizon Run 5 (Lee & Shin+ 2020)



Chabanier+ (2019)



Energy Content
of the Universe

©  ESO/Planck



Fate of the Universe

Now

Size

Time

“Cosmological 
Constant”

Strongly depends on 
the equation of state of 

dark energy

Big Freeze

Big Rip

𝜔 = 𝑝/𝜌𝑐2

= −1 for cosmological constant



Volume

Matter:
Density ↓

Cosmological 
Constant: 
Same Density



Observed cosmological constant 
~ 10−120 of theoretical expectation

Cosmological constant
with observed value

Cosmological constant
with theoretical expectation

No galaxy
No star

No planet
No life





Lemaitre (1927) Hubble (1929)

Hubble’s Law?



Redshift

• A phenomenon that the wavelength of 
electromagnetic wave is elongated.

• A kind of Doppler’s effect when an object radiating 
electromagnetic wave moves in an opposite 
direction to the wave propagation direction.

1+𝑧 =
𝜆obs
𝜆0

=
𝑣𝐥𝐨𝐬
𝑐



Cosmicflows-3 (http://edd.ifa.hawaii.edu/)

𝟏 + 𝒛 𝒄 ≃ 𝑯𝟎𝒅
(𝒛 ≪ 𝟏)

𝐤𝐦/𝐬/𝐌𝐩𝐜

Hubble parameter

http://edd.ifa.hawaii.edu/


Critical density

𝜌𝑐(𝑡) =
3𝐻(𝑡)2

8𝜋𝐺

Robertson-Walker spacetime metric

d𝑠2 = 𝑐2d𝑡2 − 𝑎2 𝑡
d𝑟2

1 − 𝐾𝑟2
+ 𝑟2 d𝜃2 + sin2 𝜃 d𝜙2

Friedmann equation

ሶ𝑎2 + 𝐾2𝑐2 =
8𝜋𝐺

3
𝜌𝑎2, ሷ𝑎 = −

4𝜋𝐺

𝑐2
𝜌 +

𝑝

𝑐2
𝑎

scale factor curvature

Hubble parameter





https://www.nature.com/articles/s41550-017-0121

> 5𝜎

https://www.nature.com/articles/s41550-017-0121


Local Universe



?



CLUES simulations
(160 Mpc/h & 64 Mpc/h)
1005.2687

Cosmicflows-1: Courtois+ (2012)



Full-sky observations
(Incomplete; low-latitude mask) Reconstruct Gaussian field 

(> 4Mpc/h scale)

Add different realizations of
small-scales

Run simulations
& find the best?



©  Youngjun Park
SolarMagGAN: Kim+ (2019)

©  NVIDIA: 1804.07723





Supervised



Unsupervised



Find a function 𝐹 …

𝐹 𝑥𝑖 ≈ 𝑦𝑖
for given data 𝑥𝑖 and 𝑦𝑖

Find a function 𝐹 …

𝐹 𝑥𝑖 = 𝑦𝑖
where 𝑦𝑖 is something useful for data 𝑥𝑖

Supervised

Unsupervised
Input

Output
we estimate

Output
we can define



Least-squared fitting w/ 
polynomial/exponential form

→Supervised learning

𝑥𝑖 : Re, 𝜎 𝑖

𝑦𝑖 : { 𝐼𝑒 𝑖}

Friend-of-friends halo finder

→Unsupervised learning

𝑥𝑖 : particle position
𝑦𝑖 : group label

©  Bolshoi Cosmological Simulation
Magoulas et al. (2012)



𝑹𝒆 𝝈 𝑰𝒆

X.XXXXXX X.XXXXXX X.XXXXXX

X.XXXXXX X.XXXXXX X.XXXXXX

X.XXXXXX X.XXXXXX X.XXXXXX

X.XXXXXX X.XXXXXX X.XXXXXX

X.XXXXXX X.XXXXXX X.XXXXXX

… … …

log 𝐼𝑒
= 𝛽1 log 𝑅𝑒 + 𝛽2 log 𝜎 + 𝛽3

𝛽1, 𝛽2, 𝛽3 = (… ,… ,… )



𝑹𝒆 𝝈 𝑰𝒆

X.XXXXXX X.XXXXXX X.XXXXXX

X.XXXXXX X.XXXXXX X.XXXXXX

X.XXXXXX X.XXXXXX X.XXXXXX

X.XXXXXX X.XXXXXX X.XXXXXX

X.XXXXXX X.XXXXXX X.XXXXXX

… … …

𝐼𝑒 𝑅𝑒 , 𝜎 ≃ ⋯

Learning Strategy



•ML can be used without specific description.
→ Good when we need to find something 

the known relation.

•ML can find very complex 𝐹 … .
→ Good when the relation is 

.

•Once found, ML can usually calculate 𝐹(… )
very fast.
→ Good when the true relation is 

.



•𝐹 … derived from ML is usually very 
complex.

→ Harder to get clear .

•Controlling learning strategy is somewhat 
different from controlling physical
parameters.

→May to get used to the 
methods.



©  David Parkinson



𝑹𝒆 𝝈 𝑰𝒆

X.XXXXXX X.XXXXXX X.XXXXXX

X.XXXXXX X.XXXXXX X.XXXXXX

X.XXXXXX X.XXXXXX X.XXXXXX

X.XXXXXX X.XXXXXX X.XXXXXX

X.XXXXXX X.XXXXXX X.XXXXXX

… … …

𝑅𝑒
𝜎 𝑖

𝐼𝑒 𝑖

ML

ML

ML



•The of results becomes 
even harder than usual ML

•Building DL architectures allow 

•Successful DL requires 
& (usually on GPUs)

• If successful, DL can provide 
in 



ML: scikit-learn (http://scikit-learn.org/)

DL: tensorflow (http://www.tensorflow.org/)



https://www.asimovinstitute.org/neural-network-zoo/

https://www.asimovinstitute.org/neural-network-zoo/


• Produce connections for 
all elements between 
layers

• Useful if each element is 
rather independent
(e.g., different physical 
parameters)

• Apply convolution 
kernels with fixed sizes

• Useful if ordering of 
elements is important 
(e.g., spectrum, image)



©  Youngjun Park
SolarMagGAN: Kim+ (2019)

©  NVIDIA: arXiv:1804.07723



• Provides both distance and LOS velocity

• Use 40Mpc/h cube volume, with 0.3125Mpc/h resolution

• Exclude region close to the Galactic plane (|b| < 10 deg)

• Apply absolute B-band magnitude cut (MB < -16 mag)

• Peculiar velocity = LOS velocity (Galactic standard of rest) –
Hubble flow

𝐻0 = 100ℎ km/s/Mpc



~30% of galaxies do not contain 
proper Ks-band magnitude.
Possibly due to the limitation of 
2MASS+ observation.

MB < -16 mag is sufficient for 
making volume-limited sample 
up to R ~ 30Mpc/h.

Tested both H0 = 67km/s/Mpc
(Planck cosmology) and 
75km/s/Mpc
(Cosmicflows-3 best-fit) 
for Hubble flow.
Found no big difference on the 
prediction.



Training & Validation:



• Fiducial Simulation: TNG300-1
• 205Mpc/h boxsize

• 2,5003 DM  & gas particles

→ Resolution correction with 
galaxy number density cut 
rather than face values of MB

and M*

Pillepich+ (2017)

• Key Selection Criteria: Similar to Cosmicflows-3
• Origins : MW-like galaxies with stellar mass 

4 x 1010 ~ 1011 Msun.

• Use galaxies with MB < -16 mag & |b| > 10 deg



• TNG100-1: Higher Resolution & Lower Boxsize
• 75Mpc/h boxsize
• 1,8203 DM  & gas particles
• Directly use MB and M*

• Use 20Mpc/h subsamples with 643 grids 

• TNG300-1-Dark: 
DM-only Simulation



• EAGLE RefL0100N1504: Different Hydrodynamics
• 67.77Mpc/h boxsize

• 15043 DM  & gas particles 
→ Similar resolution to TNG-100-1

• Magnitude information is available only for 
massive galaxies 
(M* > 108.5 Msun)
→ Galaxy number density
cut instead of using MB



Input Layer
(2, 128, 128, 128)

Multiple layers of
- Conv. 5 x 5

(2048, 4, 4, 4)

Multiple layers of
- Upsampling
- Conv. 3 x 3

Concatenation

40Mpc/h

Output Layer
(1, 128, 128, 128)

# Galaxy

Peculiar 
Velocity

DM
Density



Input

(2,128,128,128)

Conv64

(128,64,64,64)

Conv32

(256,32,32,32)

Conv16

(512,16,16,16)

Conv8

(1024,8,8,8)

Conv4

(2048,4,4,4)

UpConv8

(1024,8,8,8)

UpConv16

(512,16,16,16)

UpConv32 

(256,32,32,32)

UpConv64

(128,64,64,64)

Output

(1,128,128,128)

Concatenation

Encoding
Batch normalisation (except Input)

(2,2,2)-reflection padding

(5,5,5)-convolution

ReLU activation

Decoding
(2,2,2)-upsampling & Concatenation

Batch normalisation

(1,1,1)-reflection padding

(3,3,3)-convolution

ReLU activation (tanh for Output)

Channel #

Grid #



Input

(2,128,128,128)

Conv64

(128,64,64,64)

Conv32

(256,32,32,32)

Conv16

(512,16,16,16)

Conv8

(1024,8,8,8)

Conv4

(2048,4,4,4)

UpConv8

(1024,8,8,8)

UpConv16

(512,16,16,16)

UpConv32 

(256,32,32,32)

UpConv64

(128,64,64,64)

Output

(1,128,128,128)

Concatenation

Encoding
Batch normalisation (except Input)

(2,2,2)-reflection padding

(5,5,5)-convolution

ReLU activation

Decoding
(2,2,2)-upsampling & Concatenation

Batch normalisation

(1,1,1)-reflection padding

(3,3,3)-convolution

ReLU activation (tanh for Output)

Channel #

Grid #

Encoding
Batch normalisation (except Input)

(2,2,2)-reflection padding

(5,5,5)-convolution

ReLU activation

Extract Features

Decoding
(2,2,2)-upsampling & Concatenation

Batch normalisation

(1,1,1)-reflection padding

(3,3,3)-convolution

ReLU activation (tanh for Output)

©  GIMP



Input

(2,128,128,128)

Conv64

(128,64,64,64)

Conv32

(256,32,32,32)

Conv16

(512,16,16,16)

Conv8

(1024,8,8,8)

Conv4

(2048,4,4,4)
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UpConv16

(512,16,16,16)

UpConv32 

(256,32,32,32)

UpConv64

(128,64,64,64)

Output

(1,128,128,128)

Concatenation

Encoding
Batch normalisation (except Input)

(2,2,2)-reflection padding

(5,5,5)-convolution

ReLU activation

Decoding
(2,2,2)-upsampling & Concatenation

Batch normalisation

(1,1,1)-reflection padding

(3,3,3)-convolution

ReLU activation (tanh for Output)

Channel #

Grid #

Encoding
Batch normalisation (except Input)

(2,2,2)-reflection padding

(5,5,5)-convolution

ReLU activation

Add Nonlinearity

Decoding
(2,2,2)-upsampling & Concatenation

Batch normalisation

(1,1,1)-reflection padding

(3,3,3)-convolution

ReLU activation (tanh for Output)



• Number of independent centers
• Training: 10,629

• Validation: 1,256

• Loss function

ℒ ∝෍ log10 𝜌truth − log10 𝜌pred
2

• Tool : Tensorflow 2 / Keras

• 200~400 epochs; 3~4 days w/ NVIDIA Tesla V100(s)



Hong, Jeong, Hwang & Kim; 2008.1738





Pixel-to-Pixel

Two-point
Correlation Function

TNG300-1

Cf) EAGLE
(Different 

Hydrodynamics)

Magnitude Limit?



Kolmogorov-Smirnov statistics

Different 
magnitude cut

Without peculiar velocity
Stellar mass, instead of 
galaxy number, as input

Dark matter-only 
simulation



TNG100
20Mpc/h

TNG300
40Mpc/h

Combination

GX-GY

GX-GZ

GY-GZ



Color: DM Density

Arrows: Gradient of 
Grav. Potential

Thickness: 4 Mpc/h



TNG100-1
High-resolution
& Low-volume

TNG300-1-Dark
DM-only
Simulation

Reconstruction 
without using 
Peculiar 
Velocity



Cosmicflows-3 has 
0.1~0.5 of 1σ error of 
luminosity distance modulus 
→ 5~30% of distance error

Create 1,000 sets of 
Cosmicflows-3 catalogues by 
applying normal random 
distribution of luminosity 
distance modulus.

Recalculate peculiar velocity 
with new distance.



0.7~4Mpc/h

Radial Bin

4~8Mpc/h

8~12Mpc/h

12~16Mpc/h

16~20Mpc/h

Average
SNR

4.97σ

4.44σ

4.65σ

4.82σ

5.02σ



Different assumption on the Hubble 
parameter: 𝐻0 = 75 km/s/Mpc



• Deep Learning can reconstruct DM density & potential 
of the Local Universe from galaxy distribution. 
→ Possibility of future detailed constrained simulation

• Our result is consistent with different boxsizes & 
simulation setups.

• Even with distance measurement error, 
the 2D projection shows reasonable mapping with 
average signal-to-ratio 4.8σ.

• Using peculiar velocity is crucial for reconstructing 
a few Mpc-scale Cosmic Web.

• Deep & complete galaxy survey of Local Universe is 
mandatory for better prediction of underdense region.


