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The observed radial distribution of satellite galaxies in the MW is more concentrated than predicted by 
cosmological simulations of MW-mass hosts.
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2D (projected) cumulative radial distributions (Carlsten+20) 
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    A puzzling observation
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The observed radial distribution of satellite galaxies in the MW is more concentrated than predicted by 
cosmological simulations of MW-mass hosts.

2D (projected) cumulative radial distributions (Carlsten+20) 
Observations MW-mass hosts 
Simulations

    A puzzling observation
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➠ Not favoured by galaxy formation theory, as is below the H-cooling limit (Vpeak~19 km/s; Okamoto&Frenk09)

Radial distribution of subhalos in ~“hydro” simulations (Kelley+19)
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Subhalos with Vpeak<7 km/s 
need to be populated with 

galaxies to match data 

    Few nearby subhalos in simulations: A problem for CDM?
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➠ Not favoured by galaxy formation theory, as is below the H-cooling limit (Vpeak~19 km/s; Okamoto&Frenk09)
5

✦Even in DMO cosmological 
simulations, there are not 
enough subhalos at close 
distances, massive enough 
to account for observed 
MW satellites.

Subhalos with Vpeak<7 km/s 
need to be populated with 

galaxies to match data 

Vpeak<12 km/s
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    Few nearby subhalos in simulations: A problem for CDM?
Radial distribution of subhalos in DM-only simulations (Kelley+19)



•Recent works using idealized sims have studied tidal 
stripping in the limit of very high (infinite) resolution. 

•Assuming LCDM (i.e. subhalo starts with an NFW density 
profile), subhalos lose mass, but never fully disrupt.
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van den Bosch&Ogiya18

Tidal stripping evolution follows a “tidal track” 
(Errani&Navarro21, Peñarrubia+08,10)

➡cosmological simulations suffer from 
artificial disruption of subhalos.
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    LCDM at infinite resolution: the NFW cusp is indestructible

See also Han+16, He+23, Jiang+21, Mansfield+23
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‣ Aim: to correct for the artificially-disrupted subhalos and provide what 
would be the “true” abundance and radial distribution of satellite 

galaxies around a MW-mass galaxy in LCDM

    This project
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(Springel+2008)

•Aq-A : DM-only MW-mass halo 
(~1012 M⦿) 

•Run at  5 resolution levels  

•Bound subhalos defined by 
SUBFIND halo finder. 

•Merger trees
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Still highest resolution MW simulation ever run! 

Aquarius project

    This project: The true radial distribution of MW satellites
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 GALFORM

Aquarius project

Durham Semianalytical model for galaxy formation 
White&Frenk91, Kauffmann+93, Cole+2000, Lacey+2016

    This project: The true radial distribution of MW satellites
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Durham Semianalytical model for galaxy formation 
White&Frenk91, Kauffmann+93, Cole+2000, Lacey+2016

Galaxy Formation 11

Figure 3. A schematic diagram showing the transfer of mass and metals between stars and the hot and cold gas phases during a single
timestep. The solid lines indicate the routes and rates by which mass is transferred between the three reservoirs, while the dashed lines
refer only to the exchange of metals. The instantaneous rate of star formation is ψ and the cooling rate is Ṁcool. The metallicities of
the cold gas, stars and hot halo gas are Zcold, Z∗ and Zhot respectively. The yield of the assumed IMF is p and the parameters β and e
describe the effect of SN feedback and the direct ejection of SN metals into the hot halo gas.

Zcold the metallicity of the cold gas, and β the efficiency of
stellar feedback. Each of the arrows in Fig. 3 gives rise to
a term in the following differential equations that describe
the evolution of the mass and metal content of the three
reservoirs:

Ṁ! = (1 − R)ψ (4.6)

Ṁhot = −Ṁcool + βψ (4.7)

Ṁcold = Ṁcool − (1 − R + β)ψ (4.8)

ṀZ
! = (1 − R)Zcoldψ (4.9)

ṀZ
hot = −ṀcoolZhot + (pe + βZcold)ψ (4.10)

ṀZ
cold = ṀcoolZhot

+ (p(1 − e) − (1 + β − R)Zcold)ψ, (4.11)

where Zcold = MZ
cold/Mcold and Zhot = MZ

hot/Mhot. The
values of R and p in these equations are related to the IMF,
as discussed in Section 5.2.

We assume that over one timestep the cooling rate,
Ṁcool, and the metallicity of the hot gas, Zhot, can be taken
to be constant. This set of first-order, coupled differential
equations can be straightforwardly solved to give the change
in mass and metal content of cold gas, hot gas and stars since
the start of the timestep (Appendix B). The model is quite
flexible: its behaviour is determined by specifying how the
functions τ!, β and e depend on the properties of the galaxy
and its surrounding halo. We note that compared to the
simple, “closed-box” chemical enrichment model, the yield
is modified by the metal ejection and feedback to produce
an effective yield peff = (1− e)p/(1−R + β) (equation B9),
which is therefore a function of the potential-well depth of

the galaxy. The evolution of the stellar metallicity differs
from the closed-box model because it is affected by both the
ejection of reheated gas and the accretion of cold gas and
associated metals.

4.2.2 Star Formation Law and Feedback Parameterization

In our previous work (e.g. Cole et al. 1994), we specified the
star formation timescale and feedback efficiency in terms of
the circular velocity of the halo in which each galaxy formed,
VH. T he relations we adopted were

τ! = τ 0′
! (VH/300 kms−1)α′

! (4.12)

and

β = (VH/V ′
hot)

−α′

hot . (4.13)

The parameter τ 0′
! , we treated as a free parameter, while the

other three parameters, α′
!, V ′

hot and α′
hot, we constrained

by comparing our models to the numerical simulations of
galaxy formation of Navarro & White (1993). These simula-
tions had only one free parameter, the fraction of SN energy
injected as kinetic energy into the interstellar medium. In
order to suppress the formation of low luminosity galaxies,
and thus produce a galaxy luminosity function with a rea-
sonably shallow faint end slope, as observed, we adopted
a fiducial model with very strong feedback for low circular
velocity halos, which we obtained by setting the parameter
values α′

! = −1.5, V ′
hot = 140 km s−1 and α′

hot = 5.5.
The more detailed modelling that we now perform of the

structure of our model galaxies allows us to specify the star

c© 0000 RAS, MNRAS 000, 000–000

SFR

SN feedback

AGN feedback

R = recycled fraction 
𝛙 = star formation rate 
𝛃 = SN feedback parameter 
p = metal yield 
e = fraction of metals ejected

 GALFORM

Aquarius project

    This project: The true radial distribution of MW satellites
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✦Semianalytical model: defines which subhalos form a galaxy. 

✦Vcut=30 km/s, zcut=6 (for gas cooling after reionization). 

✦Galform reads Aquarius merger trees and particle data, and is 
able to track the evolution of a subhalo after it disrupts 
(follows most bound particle). 

✦ “Type1s” (satellites in surviving subhalos) 
✦ “Type2s/orphans” (satellites in sub-resolution subhalos).

 GALFORM

Aquarius project

WORK IN PROGRESS 

Santos-Santos et al in prep

    This project: The true radial distribution of MW satellites
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  “Type2/Orphans”: sub-resolution subhalos

The 2nd Shanghai Assembly on Cosmology and Structure Formation - I.Santos-Santos (ICC, Durham)          

20 particles

Starts at time when M=Mpeak 
Subfind data 

“Orphan” phase

Galform includes criteria for merging of orphans following 
Chandrasekhar timescale (see  Simha&Cole17)

R200
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  “Type2/Orphans”: sub-resolution subhalos

The 2nd Shanghai Assembly on Cosmology and Structure Formation - I.Santos-Santos (ICC, Durham)          

20 particles

Starts at time when M=Mpeak 
Subfind data 

“Orphan” phase

Galform includes criteria for merging of orphans following 
Chandrasekhar timescale (see  Simha&Cole17)

High resolution type2s: 
•Very early infall times 
•Small pericentres 
•Short orbital periodsR200
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    Abundance of MW satellites: luminosity function
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Total number of galaxies in 300 kpc 
converges across resolution levels 

NT~300 
In L1, 1/2 are orphans

Minimum initial Mstar from Galform ~100 Msun

Plateau at Mstar ~105 Msun, as a 
result of reionization (see Bose+18)
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    Radial distribution
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    Radial distribution: DMO subhalos within 300 kpc of the MW
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• At higher resolution, more 
subhalos near the center 

• Levels L1,2,3 are converged for 
Vmax>10 km/s 

• (!) But missing disrupted subhalos

No subhalos below r~10 kpc

km/sAq-A DMO (z=0)
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    Radial distribution: galaxies within 300 kpc of the MW

+ GALFORM
Aq-A DMO (z=0)
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    Radial distribution: galaxies within 300 kpc of the MW

✦Orphans are the main 
contribution to galaxies in the 
inner regions 

✦~>40 galaxies below r<10 kpc 

✦Type2s reach r>1 pc. 

✦Non-negligible contribution of 
orphans at all radii

+ GALFORM
Aq-A DMO (z=0)

‣ Inclusion of orphans 
‣ Non-linear mapping between 

subhalos and galaxies
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No need to populate very low Vpeak 
halos to reproduce the MW radial 

distribution data

Mpeak <2e8 M⊙ 
Npart=10^5 Vpeak>15 km/s

   Characteristics of L1 “orphans” Maximum  subhalo mass and circular velocity

Correction needed in L1 (mpart~1e3 M⊙): 
half of satellite galaxies are orphans
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   Characteristics of L1 “orphans”
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• As resolution increases, orphans are restricted to objects having 
earlier infall times: At HR, objects are more resilient to stripping, 
and only those that suffer stripping for longer end up artificially 
disrupted. 

Many become orphans before infall: 
-stripped with dense early halo 
-stripped with massive satellite

Tuc3

z=0 orbital properties

Tinfall< 1.5 Gyr

• Predicted nearby MW satellites have very small peri and apocenters. 

• Eccentricities similar to known MW sats
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   Galaxy (stellar component) disruption due to tidal stripping

✦ Although there is always a bound DM remnant, 
we should consider the stellar mass loss of 
satellites due to tidal stripping

The 2nd Shanghai Assembly on Cosmology and Structure Formation - I.Santos-Santos (ICC, Durham)          

• What happens with the stars during tidal stripping is heavily 
dependent on the particular energy distribution within the 
halo. 

• Assuming an exponential distribution, there is a relation 
between bound mass-loss and luminosity loss.  

• For the bound mass loss we follow the empirical tidal-track 
framework from Errani&Navarro21

Errani et al 22
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   Predicted “observable” radial distribution of MW satellites
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We calculate bound mass loss, and 
luminosity loss, using the 
Errani&Navarro21 framework.  

To obtain final stellar masses after 
stripping, we assume 
M/L ratio =1.6 (dSph, Woo+08)
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   Predicted “observable” radial distribution of MW satellites

The 2nd Shanghai Assembly on Cosmology and Structure Formation - I.Santos-Santos (ICC, Durham)       

MW

We calculate bound mass loss, and 
luminosity loss, using the 
Errani&Navarro21 framework.  

To obtain final stellar masses after 
stripping, we assume 
M/L ratio =1.6 (dSph, Woo+08)

>30 sats with 
Mstar>1000 Msun 
within 20 kpc

Caveats: 
- GALFORM model (Vcut, zcut) 
- Extra stripping due to disk?
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‣We need to correct our cosmological simulations for artificial disruption if we want to be able to 
study the ultrafaint population of MW satellites 

‣Semi-analytical models like GALFORM represent the best way forward in the study of very small 
galaxies, given the current computational (hydro) possibilities  

‣Still much work/understanding needed to reach a proper “model for orphan treatment”.  

‣Reproducing the MW’s satellite radial distribution is not a problem for LCDM and galaxy 
formation models based on H-cooling. 

‣We predict the discovery of many very faint, nearby (<20kpc) MW satellites 

Thank you谢谢
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   Summary
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   LCDM at small scales
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   What is Dark Matter?

ECLAS Cosmology Conference - I.Santos-Santos (ICC, Durham)       


