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DARK QUEST: SIMULATION DESIGN
• Curse of dimensionality (input = 6D) 

• Regular lattice is not tractable in high dimensions 

• Latin Hypercube Designs (LHDs) 
• Each sample point is the only one both on the row 

and on the column 

• Uniform sampling when projected onto any one axis 

• LHD is not unique and not always efficient 
• One more to add: space filling property:               

“the closest neighbor should be far" 

• A variant useful for ML problems
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HYBRID FORWARD MODELING DESIGN
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Figure 3. The layout of different modules of Dark Emulator. The top layer, enclosed by square-shaped box, shows the modules for
linear theory quantities. The second layer shows the modules for halos: “Abundance Module” and “Clustering Modules”. These are calibrated
with a suite of N-body simulations, and the core pieces of Dark Emulator. The other layers at bottom show the modules for galaxy
statistical quantities, where we combine the halo modules and a halo occupation distribution (HOD) prescription to obtain predictions for the
galaxy quantities (in three-dimensional and two-dimensional after projection). When necessary, “Extra Features Modules” can be added to
make modifications such as baryonic effects and redshift-space distortions to the galaxy statistics. These modules, as well as “Galaxy-Halo
Connection Module”, can be replaced by arbitrary functions that a user wants to use, in order to have the model predictions for a galaxy sample
under consideration.

tities from the halo modules. Thus our method allows a
flexible modification of the halo-galaxy connection, without
the need of additional training based on mock galaxies.

4.2. Resolution study and matching scheme

Because of limited numerical resources such as memory
and executive CPU time, we can run only a finite number
of N-body simulation realizations, where the size of each
simulation is mainly determined by the number of N-body
particles. Even for a fixed number of particles, there is a
trade-off between the resolution and the box size. While the
former is responsible for the minimum length scale and the
minimum mass of halos down to which the simulation results
are accurate, the latter defines the number of Fourier modes
available in each simulation and thus controls the statistical
precision. The usual way to cover a wider dynamic range
of the prediction is to combine simulations performed in dif-
ferent box sizes and then stitch their results over separations
or wavenumbers between neighboring box-size simulations.
Indeed, such a method was used in previous works such as
Lawrence et al. (2010), Valageas & Nishimichi (2011), and
Takahashi et al. (2012), where the main goal was to calibrate
the matter power spectrum. An analytical model based on
perturbative calculation was further combined at the large
scale limit in Lawrence et al. (2010) to suppress uncertain-
ties due to the large cosmic variance near the wave number
corresponding to the box size.

In this subsection we examine the numerical convergence
of halo quantities using a set of simulations with different
resolutions. We then discuss a strategy to combine the results
of different simulations to predict the clustering signals over
wider ranges of halo masses and length scales.

4.2.1. Halo mass function

In Fig. 4, we first examine the halo mass function (HMF)
for the fiducial Planck cosmology at z = 0, using four N-body
simulations with different numerical resolutions. Note that
the lowest-resolution simulation among the four, which has
2563 particles, has the same resolution as our main LR suite,
whereas the second from the worst, with 5123 particles, cor-
responds to the resolution of the HR suite. For reference,
HMF in Fig. 4 is normalized by the fitting formula by Tinker
et al. (2008), with the mass definition of 200 times the cosmic
mean density. To have a fair comparison, we integrated the
Tinker et al. (2008) HMF (hereafter Tinker HMF) over halo
masses in each mass bin, which is used when we measure the
HMF from simulations.

We can see that the measured HMF better matches the Tin-
ker HMF down to lower masses as increasing the simulation
resolution. The four simulations agree with each other at the
high mass end, although the curves are noisy due to the Pois-
son noise. Note that these simulations are done in a comov-
ing box with a side length of 250h-1Mpc, which is smaller
than our main simulations of 1 or 2h-1Gpc used for the em-
ulator development. This suggests that our main simulations

• Requirements 
• Accuracy: a few percent level 

• Speed: seconds / evaluation (e.g., 2 days / simulation) 
• Flexibility: capture unknown effects in galaxy-matter connection 

• Our solution: Dark Emulator (= Simulations + Statistics) 
• Network based on analytical relations 

• Dimension reduction: Principal Component Analysis 
• Core: Gaussian Process Regression

Analytical calculation

Predictions by simulations

Our recipe to connect the 
simulation world to the reality



CROSS VALIDATION STUDY EXAMPLE

Accuracy: better than 3% for 
the relevant statistics

vs. ~10 - 15% from existing 
best models

Abundance of structures (80 training, 20 validation)

(vs model by Tinker et al. 08’)

Mass of dark matter halos [h-1 Msolar]

Accuracy guaranteed

Mass of dark matter halos [h-1 Msolar]



A NOVEL APPROACH IN A SIX-DIMENSIONAL PHASE-SPACE



Physics and math of a self-gravitating system

Collisionless N-body simulations closely follow the derivation 
of the collisionless Boltzmann equation, but do not directly solve 

It'd be nice if the evolution of  f (x, y, z, u, v, w)
is directly followed in 6D phase-space.
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black circle: DM halo with 
M>1011 solar mass

Neutrino Distribution



Cross correlation of CDM and neutrinos

CDM rest frame

θ

Excess of cross-correlation in the down stream 
side of relative velocity due to neutrino wakes



Probing the neutrino mass with 
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SUMMARY
Wide-field sky survey probes a large volume 
of our universe 

Numerical simulations play a vital role 
in determining cosmology 

There are a variety of new approaches 
to reveal cosmic structure formation


