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Dwarf galaxy as DARWIN’s target 

• The smallest galaxy type (104 – 109 Msun)

• Building blocks of massive galaxies and  

cosmic large-scale structures

• Diversity in types and characteristics

- sensitive to internal physics

- environmental effects

various types of dwarf galaxies

Hierarchical merging 

4 D. A. Forbes et al.

profile provides the best fit, we define the central velocity
dispersion as the integrated value within Re/10. Although
these corrections are typically a few percent, the final dy-
namical mass depends on the corrected velocity dispersion
squared. Our final central velocity dispersions and measure-
ment uncertainties for the 27 AIMSS objects are included in
Table 1.

3 LITERATURE DATA

As well as the objects listed in Table 1, we include various
datasets from the literature.

In the Appendix Table A1, we list UCDs from the com-
pilation of Mieske et al. (2013). They list aperture velocity
dispersions in their table 3 for the bulk of these objects.
In Table A1 we list the central velocity dispersions kindly
supplied by Mieske & Baumgardt (2014, priv. comm.), sup-
plemented by a few central values from Taylor et al. (2010).
The errors quoted are measurement uncertainties only. The
V-band magnitude, stellar mass and effective radius come
from N14.

We exclude half a dozen Cen A objects from the original
Mieske et al. (2013) list as they have MV > –10. Although
these objects could in principle be included in our analysis
as GCs, we prefer to keep the GC sample homogeneous using
only GCs from either the Milky Way or M31.

For other objects we take their properties, including
their ‘central’ velocity dispersions, from N14. Briefly, we use
Misgeld & Hilker (2011) and ATLAS3D (Cappellari et al.
2011) for giant early-type galaxies, with dwarf ellipticals
coming from Geha et al. (2002, 2003), Toloba et al. (2012)
and Forbes et al. (2011). Local Group dwarf data are taken
from Tollerud et al. (2013 and references therein). Compact
ellipticals come from a variety of sources with the majority
from Chilingarian et al. (2009) and Price et al. (2009). Milky
Way GCs come from the compilation of Harris (2010) and
M31 GCs from Strader et al. (2011). We note that N14 as-
sumed all GCs to be uniformly old, which for a large sample
of M31 and Milky Way GCs is a reasonable assumption. We
do not consider young massive clusters (which are not old
stellar populations) nor nuclear star clusters (for which very
few velocity dispersions exist) in this work.

The size-stellar mass distribution for our entire sample
is shown in Figure 1. Here we only show objects for which
we have central velocity dispersions; for larger samples of
objects with sizes and masses (or luminosities), but which
lack velocity dispersions, see figure 13 of N14 (also Forbes et
al. 2008; Brodie et al. 2011; Bruens & Kroupa 2012). Figure
1 shows objects traditionally classified as dwarf spheroidal
(dSph), dwarf elliptical (dE), giant elliptical (gE), globular
cluster (GC), ultra compact dwarf (UCD) and compact el-
liptical (cE), although the definition of such objects is often
poorly defined and they can overlap in size-mass parameter
space. For dSph, dE and gE galaxies we simply use their clas-
sification as defined by the literature sources listed above.
Here we consider a GC to have stellar mass below 106 M!.
Such objects also have sizes Re < 10 pc (a notable exception
being the Milky Way GC NGC 2419 which is considered by
some to be a UCD). We consider cEs to have stellar masses
> 109 M! and Re < 800 pc. UCDs are taken to have masses
intermediate between those of GCs and cEs, irrespective of

Figure 1. Size vs stellar mass for the entire sample of old, pres-
sure supported systems with available central velocity dispersions.
Blue squares denote Local Group dSph galaxies, and green open
squares denote dE and gE galaxies. Red circles denote GCs, UCDs
and cEs, with larger circles for objects with Re > 10 pc. The di-
agonal dashed line demarks the constant surface density edge of
the Zone of Avoidance, i.e. a high density region of parameter
space that appears to be unoccupied. There is some overlap in
size-mass parameter space between the traditional classification
of different types of object.

their size (however we also the include the size of a UCD
in our analysis below, e.g. many low mass UCDs have Re <

10 pc). The Figure also shows the Zone of Avoidance, i.e. a
high density region of parameter space that is so far largely
unoccupied (see discussion in N14).

4 DYNAMICAL MASSES

Dynamical mass estimates for pressure-dominated systems
can be obtained using the expression:

Mdyn = CG
−1

σ
2
R, (1)

where R is a measure of the size of the system and σ a
measure of the system’s velocity dispersion. Here we take the
size of a system to be the effective radius (Re) from N14, and
the central velocity dispersion σ0 from Table 1 for AIMSS
objects, Table A1 for UCDs from Mieske et al. (2013) and
Taylor et al. (2010), and N14 for all other objects. We note
that using the central velocity dispersion over some scaled
aperture, or a weighted global value, facilitates comparison
with other pressure-supported systems.

To derive the dynamical mass one needs to know the
virial coefficient C. A variety of approaches and hence values
of C have been adopted in the literature, generally in the
range 4 < C < 7.5. Here we adopt C = 6.5 to be comparable
to the dynamical mass calculations of Mieske et al. (2013).
This value corresponds to a Sersic index of n ∼ 2 (Bertin
et al. 2002), which is a reasonable value for UCDs (Taylor
et al. 2010) and for the objects that we focus on in this
paper. Also, as shown later, such a value of C gives a mean
dynamical-to-stellar mass ratio of close to unity for GCs
(which are believed to be free of dark matter).
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profile provides the best fit, we define the central velocity
dispersion as the integrated value within Re/10. Although
these corrections are typically a few percent, the final dy-
namical mass depends on the corrected velocity dispersion
squared. Our final central velocity dispersions and measure-
ment uncertainties for the 27 AIMSS objects are included in
Table 1.

3 LITERATURE DATA

As well as the objects listed in Table 1, we include various
datasets from the literature.

In the Appendix Table A1, we list UCDs from the com-
pilation of Mieske et al. (2013). They list aperture velocity
dispersions in their table 3 for the bulk of these objects.
In Table A1 we list the central velocity dispersions kindly
supplied by Mieske & Baumgardt (2014, priv. comm.), sup-
plemented by a few central values from Taylor et al. (2010).
The errors quoted are measurement uncertainties only. The
V-band magnitude, stellar mass and effective radius come
from N14.

We exclude half a dozen Cen A objects from the original
Mieske et al. (2013) list as they have MV > –10. Although
these objects could in principle be included in our analysis
as GCs, we prefer to keep the GC sample homogeneous using
only GCs from either the Milky Way or M31.

For other objects we take their properties, including
their ‘central’ velocity dispersions, from N14. Briefly, we use
Misgeld & Hilker (2011) and ATLAS3D (Cappellari et al.
2011) for giant early-type galaxies, with dwarf ellipticals
coming from Geha et al. (2002, 2003), Toloba et al. (2012)
and Forbes et al. (2011). Local Group dwarf data are taken
from Tollerud et al. (2013 and references therein). Compact
ellipticals come from a variety of sources with the majority
from Chilingarian et al. (2009) and Price et al. (2009). Milky
Way GCs come from the compilation of Harris (2010) and
M31 GCs from Strader et al. (2011). We note that N14 as-
sumed all GCs to be uniformly old, which for a large sample
of M31 and Milky Way GCs is a reasonable assumption. We
do not consider young massive clusters (which are not old
stellar populations) nor nuclear star clusters (for which very
few velocity dispersions exist) in this work.

The size-stellar mass distribution for our entire sample
is shown in Figure 1. Here we only show objects for which
we have central velocity dispersions; for larger samples of
objects with sizes and masses (or luminosities), but which
lack velocity dispersions, see figure 13 of N14 (also Forbes et
al. 2008; Brodie et al. 2011; Bruens & Kroupa 2012). Figure
1 shows objects traditionally classified as dwarf spheroidal
(dSph), dwarf elliptical (dE), giant elliptical (gE), globular
cluster (GC), ultra compact dwarf (UCD) and compact el-
liptical (cE), although the definition of such objects is often
poorly defined and they can overlap in size-mass parameter
space. For dSph, dE and gE galaxies we simply use their clas-
sification as defined by the literature sources listed above.
Here we consider a GC to have stellar mass below 106 M!.
Such objects also have sizes Re < 10 pc (a notable exception
being the Milky Way GC NGC 2419 which is considered by
some to be a UCD). We consider cEs to have stellar masses
> 109 M! and Re < 800 pc. UCDs are taken to have masses
intermediate between those of GCs and cEs, irrespective of

Figure 1. Size vs stellar mass for the entire sample of old, pres-
sure supported systems with available central velocity dispersions.
Blue squares denote Local Group dSph galaxies, and green open
squares denote dE and gE galaxies. Red circles denote GCs, UCDs
and cEs, with larger circles for objects with Re > 10 pc. The di-
agonal dashed line demarks the constant surface density edge of
the Zone of Avoidance, i.e. a high density region of parameter
space that appears to be unoccupied. There is some overlap in
size-mass parameter space between the traditional classification
of different types of object.

their size (however we also the include the size of a UCD
in our analysis below, e.g. many low mass UCDs have Re <

10 pc). The Figure also shows the Zone of Avoidance, i.e. a
high density region of parameter space that is so far largely
unoccupied (see discussion in N14).

4 DYNAMICAL MASSES

Dynamical mass estimates for pressure-dominated systems
can be obtained using the expression:

Mdyn = CG
−1

σ
2
R, (1)

where R is a measure of the size of the system and σ a
measure of the system’s velocity dispersion. Here we take the
size of a system to be the effective radius (Re) from N14, and
the central velocity dispersion σ0 from Table 1 for AIMSS
objects, Table A1 for UCDs from Mieske et al. (2013) and
Taylor et al. (2010), and N14 for all other objects. We note
that using the central velocity dispersion over some scaled
aperture, or a weighted global value, facilitates comparison
with other pressure-supported systems.

To derive the dynamical mass one needs to know the
virial coefficient C. A variety of approaches and hence values
of C have been adopted in the literature, generally in the
range 4 < C < 7.5. Here we adopt C = 6.5 to be comparable
to the dynamical mass calculations of Mieske et al. (2013).
This value corresponds to a Sersic index of n ∼ 2 (Bertin
et al. 2002), which is a reasonable value for UCDs (Taylor
et al. 2010) and for the objects that we focus on in this
paper. Also, as shown later, such a value of C gives a mean
dynamical-to-stellar mass ratio of close to unity for GCs
(which are believed to be free of dark matter).
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Figure 1 – Historical and current tensions between LCDM theory and observations of dwarf galaxies. We classify
these according to the level of tension/challenge they present to the cosmological LCDM scenario, after the critical effects of

baryonic physics have been considered. Left to right moves from ‘no tension’ to ‘strong tension’. The following sections
discuss each of the topics in this chart. We discuss the M⇤-Mhalo relation and the Too-big-to-fail problem in sections with those
respective names. We address the core-cusp problem and the diversity of rotation curves in the section: ‘Dark matter
distribution within dwarf galaxies’; the diversity of sizes in the section: ‘Baryonic distribution within dwarf galaxies’; and
satellite planes together with quiescent fractions grouped in the section: ‘Satellite dwarf galaxies’.

Alternately, on just the theoretical side, one can compare the predictions of different simulations regarding the relation
between galaxy stellar mass and dark-matter halo mass in the ultra-faint regime. Indeed, as discussed below, a careful look
into state-of-the-art numerical simulations that predict the correct number of MW-like galaxies and classical dwarf galaxies
suggests that their expected ultra-faint populations may differ, signaling an important theoretical uncertainty that persists. We
thus emphasize that our discussion of this relation between stellar mass and dark-matter halo mass is different from the others
in this review, because our comparison is only between different simulations, not (yet) between simulations and observations.

Fig. 2 shows the relation between stellar mass and dark-matter halo mass, where we collect the present-day relation
predicted from a sample of state-of-the-art cosmological simulations. Halo mass corresponds to the spherical radius within
which the average density is 200 times the critical density, the so-called virial radius. Where a different definition of halo mass
was presented in the published work, we convert those values using average mass-concentration relation from ref.70. On the left
panel, we include zoom-in simulations of MW-like or Local Group-like environments from various works: APOSTLE44, 71

from the EAGLE project72, Latte and ELVIS suites45, 65 from the FIRE-2 project73, Auriga74, NIHAO-UHD41, DC Justic
League75; or zooms of relatively large regions, like the Marvel Suite66. In all cases, we show only central (field) galaxies (not
satellites), which are located beyond a MW-mass halo within the zoom-in region and therefore have not been stripped of mass
like satellites have.

The numerical resolution of these simulations varies between a gas particle mass ⇠ 103 M� for the highest resolution case
(Marvel Suite), ⇠ 5⇥103M� for Auriga-L3 and FIRE-2, to ⇠ 104 for APOSTLE and NIHAO-UHD. The physics modeled
and its particular implementation also vary from code to code, often with differences in predictions far more impacted by these
physics choices than by numerical resolution. A detailed and fair account of the physics included in each simulation is beyond
the scope of this review. But each simulation included in Fig. 2 is a good example of the current state of affairs in galaxy
formation modeling with demonstrated successes in the prediction of MW-like galaxies with realistic sizes, morphologies,
kinematics, metallicities, star-formation rates, among other properties.

There is substantial overlap on the space spanned by different simulations, which is encouraging given the different codes
and hydrodynamical solvers involved. In general, models approximately follow the extrapolations (dotted/dashed lines) from
abundance matching relations76, 77 calculated from more massive galaxies. However, in detail, the slope and the scatter for
the stellar mass - halo mass relation may differ for each simulation. For instance, for a halo mass with M200c ⇠ 3⇥1010 M�,
simulations predict a dwarf galaxy within a stellar mass range spanning 1 dex, M⇤ = 108-109 M� despite the scatter intrinsic
to each model being quite small for that halo mass. Conversely, for a dwarf galaxy with M⇤ = [0.6,1.2]⇥106 M�, the median
halo masses predicted may differ by a factor ⇠ 4 between different models. We caution that a tight relation between halo mass
and stellar mass with small scatter, used for abundance matching of more massive galaxies, might not hold true for dwarf
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• Required conditions to describe dwarf galaxies 

: a very wide dynamic range is necessary (~106)
- effective radius R1/2≲ 1kpc: resolution ≲ 0.1kpc
- diversity across different environments:  volume ~ (100Mpc)3

DARWIN’s strategies 

S1.  Efficient utilization of exa-scale computing

- massively-parallel supercomputer (MPI + OpenMP + CUDA/OpenACC)

S2.  Three-step zoom-in simulation

- aggressive application of the zoom-in technique

S3.  Implementing ML’s prediction

- deriving high-resolution galaxy properties, hybrid calculation (ML on-the-fly) 

S4.  High-precision baryonic physics

- self-consistent manner down to several parsec scale 



S1. Exa-scale computing

+ Radiative Transfer + Chemistry

Horizon Run 5

MPI + OpenMP

Juhan Kim

RAMSES-OMP RAMSES-DARWIN-OC

DARWIN 

MPI+OpenMP+CUDA/OpenACC

Yonghwi Kim Oh-kyoung Kwon

20252024 2026 2027 2028

5th supercomputer (based on manycore CPUs) 6th supercomputer (two GPUs for each node, 600Pflops)



RAMSES-DARWIN-OC (OMPCUDA) 

S1. Exa-scale computing

• Loop parallelization (w/ OpenMP) can be 
easily ported using OpenACC.

• Core parts (AMR, Poisson, PM) will 
be using CUDA Fortran. 

• Dynamics (80k lines) : mainly CUDA
– AMR – CUDA / OpenACC
– Load balancing – OpenACC
– Poisson – CUDA
– PM – CUDA / OpenACC
– I/O

• Physics (50k lines) : mainly OpenACC
– N-body / Tree – OpenACC / CUDA
– Hydro – OpenACC / CUDA
– ETC – OpenACC / CUDA



S1. Exa-scale computing
IC: 323 Mpc3 with 5123 grids (levels 9-16)

# of MPI tasks = 1024

# of OMP threads = 1, 2, 4, 8, 16, 32, 64

# of nodes = 16, 32, 64, 128, 256, 512, 1024

RAMSES-DARWIN (MPI + OMP) RAMSES-DARWIN (MPI + OMP + GPU)

Test only for Gudnov, C&H parts



spatial res. star mass res. volume feature

DARWIN-1 500pc 105 Msun (~65Mpc)3 various galaxies in various environments

DARWIN-2 125pc, 62.25pc 2x103 Msun (5-20Mpc)3 formation/evolution of dwarf galaxies in various env.

DARWIN-3 4-8pc 1x103 Msun < (1Mpc)3 ISM and internal structures of dwarf galaxies

Δx=500pc Δx=125pc, 62.25pc Δx=4-8 pc

DARWIN-2 DARWIN-3DARWIN-1

clusterGalaxy zoo in HR5

group

filament

Isolated 

S2. 3-step zoom-in simulation
~ 

65
M

pc

cluster
group
MW-like (isolated)
MW-like(cluster)
MW/M31 pair 



DARWIN-1 analogue (Δx= 500pc)

2cMpc

DARWIN-2 analogue (Δx=125, 62.5pc)

2cMpc

100ckpc 100ckpc

2ckpc

DARWIN-3 analogue (Δx=16pc)

< Resolution difference of DARWIN-1, -2, and -3 >

DARWIN-1 Detailed internal properties of  galaxies (roughly Mstar≳3x107Msun) in various environments 

DARWIN-2 Formation of dwarf galaxies (global: Mstar≳105Msun, internal: Mstar≳106Msun ) in various environments 

DARWIN-3 ISM and formation of internal structures of dwarf galaxies

S2. 3-step zoom-in simulation



S2. 3-step zoom-in simulation

DARWIN-1 is currently running (z~2.3). 



S2. 3-step zoom-in simulation

DARWIN-1-DMonly

2Mpc

Galaxy cluster

~8Mpc

Galaxy group + filaments

Isolated MW-like galaxy

MW&M31-like galaxies

Void dwarf galaxies

cluster
group
MW-like (isolated)
MW-like(cluster)
MW/M31 pair 

Target regions of DARWIN-2 Mass range # of sim.

Galaxy cluster 1~2 x 1014 Msun 1 (or 0)

Galaxy group + filaments 1~5 x 1013 Msun 5~10

MW-like galaxy (LG-like) 1~3 x 1012 Msun > 20

Field (or isolated dwarfs) < 1012 Msun > 100



spatial res. strength weakness

DARWIN-1 500pc statistical analysis inability to describe dwarf galaxies

DARWIN-2 125pc, 62.25pc dwarf galaxies in various environments reduced reliability of statistical analysis

DARWIN-3 4-8pc most realistically describe the dwarf galaxies inability to perform statistical analysis

대규모 영역 초고분해능

통계적 우수성 정밀함

Trained AI

apply

AI model 
associating 

low- and high-
resolution 

results

Predicting 
high-resolution 
results based 

on low-
resolution 

results

Jo & Kim (2019)

o Training from overlapped region between DARWIN-1 and DARWIN-2  

o Implementing AI prediction in the low-resolution regions

o Deriving de facto high-resolution results in the entire region of DARWIN-1

o Preliminary study using TNG were recently published (Jung+24)

High-resolution region

Low-resolution region

Simulation result

Prediction by AI

S3. Prediction with AI

Trained AI

validation



S4. High-precision baryonic physics

AGN�
feedack

star�
formation

cooling

stellar�
feedback

chemical
feedback

Gas�cooling�based�on�PRISM�
Katz�&�Kimm�et�al.�(2023)

Mechanical�SN�feedback�model
Kimm�et�al.�2017

Chemical�model�
optimized�for�dwarf�galaxies�
Heger &�Woosley (2002,2010)�

AGN�feedback�model�and�its�
indirect�effects�on�dwarf�galaxies��

Dubois�et�al.�2020,�Volonteri et�al.�2020�

Gravo-thermo-turbulent�(GTT)�SF�model
Kimm�et�al.�2017,�Applebaum�et�al.�2020�

Myongwon Jeon

Ji-hoon Kim Ena Choi Taysun Kimm

è RAMSES-RTZ + TIGRESS/PRISM cooling model + stars seeded in sink scheme + AI model 
+ Pop III + SN II + SN Ia + stellar winds + 4 pc resolution + large number of sample 

+ AI model for ‘central engine’

+ PoP III stars 

+ seeding star in 
sink particle scheme

+ cooling from TIGRESS 
Koyama & Inutsuka 2002



A galaxy with different viewing angles 
(from SKIRT homepage)

Optical Far-infrared

An Advanced Dust Radiative 
Transfer code (Camps & Baes 2014)

Emission from 
Single Stellar 

Population
Dust absorption

Dust scattering

o multi-wavelength (0.1-1000 um)

o images viewed at different angles

o customized for various instruments

:K-DRIFT, LSST, JWST, SKA, HST, etc.

DARWIN’s output

Snapshots : 300 from z=200 to 0 

Halo/galaxy catalog: Pgalf (PSB-based Galaxy Finder) 

- developed by Juhan Kim

- gravitationally self-bound and tidally stable

Mock image: SKIRT and/or Powderday

Cosmic web: DisPeRSE



20252024 2026 2027 2028

DARWIN-1 DARWIN-2 Spin-off projects

The 5th generation of Korean supercomputer

Development, test, preparation

Data analysis, catalog, virtual images 

The 6th generation of Korean supercomputer

DARWIN’s timeline

- rotation curve to be compared with SKA 

- mock images targeting JWST, LSST, K-DRIFT, Euclid, SKA

- mock spectra, absorption/emission lines 

- Lyman-alpha properties of dwarf galaxies, reionization

- exotic tidal and/or ram-pressure features of void dwarfs

- origin of exotic dwarf galaxies: UFD, UDG, UCD, etc. 

- origin of diverse characteristics of dwarf galaxies: mass-size, luminosity-metallicity, etc.

è Various in-depth/detailed research topics from the DARWIN

è Maximizing synergy through collaboration with observation experts

DARWIN-3



Thank you very much.


