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Abstract: <p>A prime challenge to our understanding of galaxy formation concerns the scarcity of dwarf galaxies compared with the nun
low-mass halos expected in the current >\CDM paradigm. This is usually accounted for by assuming that energetic feedback from evolvin
confines dwarf galaxy formation to relatively massive halos spanning a narrow mass range. | will highlight a number of observations that n
used to test this assumption and discuss the puzzles and challenges that arise from this analysis. | will also discuss a number of challel
1>CDM faces on the scale of dwarf galaxies and their possible resolutions.</p>
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First Light

The Planck one-year all-sky suruely

1e) €5A, HPT and LFT consortia, July 2010
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The Clustering of Dark Matter
The Millennium Simulation Series

” Aqﬁ;irilm‘: a galaxy halo

-~ e - T -
* Phoenixe @ galaxy.cluster halo

g ‘g s
Millennium 11 100Mpe

Simulations have enabled
a full characterization of
the (hierarchical)
clustering of cold dark
matter on large and small
scales.
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The Clustering of Dark Matter
The Millennium Simulation Series
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The Mass Profile of Cold Dark Matter halos

* The shape of the mass profiles
of dark mater
halos is roughly independent of
halo mass and cosmological
parameters

i~

Density

The NFW profile

* Density profiles are “cuspy”
and clearly differ from power
laws

Log p/10% M, kpo™?

May be fitted by scaling a
simplfl formula
P/Per=0/|R/r, ) (141/r, )2
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Subhalo number

The invariance of the subhalo mass function

*The (scaled) subhalo mass
function is independent of
host halo mass
* Large sets of halos can be
assembled from different
simulations to explore the
100(Mas)=13.5 statistics of rare massive
toggu’::%_ 14.5 subhalos.
* Typically, halos have only
one subhalo more massive
than ~3% of the host halo
virial mass
(Scaled) subhalo A
velocity function

0.1 . -
U"_"Vmon/vmﬂ "

Wang ethal 2012°
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Subhalo number

The invariance of the subhalo mass function

*The (scaled) subhalo mass
function is independent of
Aauarius host halo mass
* Large sets of halos can be
assembled from different
simulations to explore the
10Q(Ma) =13.5 statistics of rare massive
Szt subhalos.
* Typically, halos have only
one subhalo more massive
than ~3% of the host halo

virial mass
(Scaled) subhalo

veloeity function

0.1 : Ty -
p=\ WAl l { A
mas/ V200 Wang el 2012,
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invariance of the subhalo mass function

—_
(=% ]
]
= 1000.0F ", " " 71T T R * The (scaled) subhalo mass
= ; % ————————— Phoenix ] function is independent of
=) = Aquorius j host halo mass
3 MSII T
= 100.0 k NS i » Large sets of halos can be
= il - E assembled from different
[ simulations to explore the
. I06(Mago)m 15.5 statistics of rare massive
200/ .
= 10.0 k 109(M3o0)=14.5 subhalos.
A » Typically, halos have only
Mt - one subhalo more massive
= than ~39% of the host halo
10k . a virial mass
" F  (Scaled) subhalo o :
[ velocity function \
O' 1 E- \\‘\‘\ E
il 4 . i N
0.1 1 A0 :
=N SN T :
max/" V200 wang et'al 20127,

Pirsa: 14110145 Page 9/47



CDMhalo

‘oalaxy'l

*CDM halo mass function

| much steeper than the galaxy
luminosity function at the

{ faint end

Dark halos { *This is a robust prediction of [l
(const M/L) the CDM scenario

*Reconciling the two requires
a highly non-linear
dependence between galaxy
and halo mass

log(®/mag 'h? Mpc?)

i *At low masses reionization,
as well as feedback from

| cvolving stars, are thought to

§ be responsible

| *Athigh masses,
ML | supermassive black hole
ly,~Slogh | feedback seems needed
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CDM halo mass function vs
galaxy ' laminosity functian
§ «CDM halo mass function
| much steeper than the galaxy

luminosity function at the
| faint end

L | L T L] L J

Reionization+Feedback

Dark halos , ! *This is a robust prediction of
(const M/L) | the CDM scenario

/ 1 *Reconciling the two requires

AGN A a highly non-linear
] dependence between galaxy
and halo mass

d *At low masses reionization,
as well as feedback from

! evolving stars, are thought to
be responsible

«At high masses,
§ supermassive black hole
feedback seems needed
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CDM halo mass functionyys . .« «
oalaxy 10minosity filnction

*CDM halo mass function
much steeper than the galaxy

luminosity function at the
{ faint end

Dark halos | This is a robust prediction of i
(const M/L) the CDM scenario

*Reconciling the two requires
a highly non-lincar
dependence between galaxy
and halo mass

log(¢#/mag 'h? Mpc 1)

i *At low masses reionization,
as well as feedback from
evolving stars, are thought to

i be responsible

§ *At high masses,
Ve { supermassive black hole
K~ 9logh i leedback seems needed
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Abundance Matching:

Galaxy Stellar Mass vs Halo

2 12 E -
— E E = Steep dependence at
= E 1 low halo mass--a
= 11 F 3 fundamental result of
A 3 galaxy formation models.
-5 - 5
= 10 F : WO
< "o E 3 * Most dwarfs form in
S E = halos of similar mass and
l__g‘_. 9 %_ _§ hence similar properties
= E 3 -what is the origin of
i - their diversity then?
o 8 F =
E 3 * Very few luminous
: § galaxies should form in
7F - halos with mass below a
3 3 “threshold™ of 10'° M....
6 :4 PR PR T R W T ST S S T N SO N S S N T T T T U T U T SN S S SN SN N T T U T S S U A S 1:
10 11 12 15 14
Halo Mass 09 Mhaio[Mo]
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Abundance Matching:

Galaxy Stellar Mass vs Halo Mass

2 12 E g
— E 3 = Steep dependence at
= E 2 low halo mass--a
= naE 3 fundamental result of
A 3 galaxy formation models.
-5 - -
= 10 F E SR
- E 3 * Most dwarfs form in
©C = E ] halos of similar mass and
l_g‘, 9 %_ _% hence similar properties
- E : -what is the origin of
=& 3 their diversity then?
o S E =
E 3 * Very few luminous
: § galaxies should form in
7F . halos with mass below a
g B “threshold” of 10'° M.
6 :4 A A PR S R T T ST S S T N SO N S S T T T T S T S T S U S SN U ST T U T S S U R S 1:
10 11 12 155 14
Halo Mass 09 Migio[Mo]

Pirsa: 14110145 Page 14/47



Pirsa: 14110145

; B ’."
' . { >

e | he Lhallenamg dl;‘.bl MtV 01 (lell 0.1[.1

» . The steep M hm ‘ﬁnon 1mphL:, that most

.dwarfs slmuld popul.lte Tialos of similar madss :md
hmu’ should'have similar maas proﬁlcs :
il & .“.cf"‘ - .
* Theres 15 {0 Lfﬁctwe“‘threbho'ld“ in halo mass’ for
mous palaxies should shun
V- nwsa 11.110:,

Holll *

IC 25744

Moat low-mass’ h:il‘és aru dark prt.bumably due to
; refonization and feedback
- g !udback Cannot be’ lmp‘ormnt in-very faint g ;,ahmu
Ty * o awhat’ l‘\ thc mmurc ul ruonlzatmn on‘dwarfs?

L

Pegasus | 1ZwI8 .

Page 15/47




o
. ‘,'

% Q

The h dllcnﬂing.d Sics

« The steep ga

dwarfs Shou]a p"__ ; 1lat
hence sho ha

- "Hol 11

- ¢ There is an'e etive ‘threshold” in halo mass for
& . alaxy formati 6115 galaxies should shun
ST ”"asé halos

1C.-2574 -

1 e'?'dark presumably due to
| ndfeedback

; portant in very faint g'llaxu,s
: u € o‘frelonlzatlon on dwarfs?

-
Fornax

" N N4163
- Pegasus ¥

Pirsa: 14110145 Page 16/47




=
'l‘ 2 £ -

o o he lelluwmg dl;'.(..l brtv 01 (lW'dll 0.11.1\105

"% The steep M -Mh m’ﬁ!l’mon 1mphes that most

dwarfs HhI'Hlltl po[)ulate halos of similar mass 'md
lu.nu' ahould have similar mass prohks

“Hol 11 Piuoctim s
Ty

= $ Tlu.re i tm emctlve““threshon“ in halo mass lor
L T galaxy formatlo i mum g.l[d\lu. should b]]lJl'I
ey % x V- m‘d‘;:-, halos
IC2574+ " = s :
' * Most low-mass* s halos aré dark pru:umably due fo
s refonization and feedback
A «  feedback Eannot be' lmp'orum in'very faint galaxies

by
Fornax = what'is theﬁmhfrc of ruonl?.nmu on dw.xrls
- i e e 2T D

L4 I‘.
<1 5 - H¥ile
{

| ]

Pegasus © 1Zw18

Pirsa: 14110145 Page 17/47




Pirsa: 14110145

S Ao

l’

g & he lelluwmg [llx.u brty 01 dwtul 0.11:1 ics

"% The steep M h il Stanon 1mph&35 that most

dwarfs wh”mld pO[‘)lllJtL halos of similar mass and

i lu.nu' bhOllld have sinmlar Imass prohlt.s
o s

TnoUs palaxies should :.hun
'-nmqa h.llo:,

IC 2574+ ‘ . :
: + Most low—maas h:il"t')s are dark p’rusumably duu to
reionization and feedback
. h.cdback Cannot be' lmp'ormm invery faint galaxies

ot .whar 15 lhcm:mm UI ruomz.mun on dw.uh

s aad

[% R EADTE i
>, [ ,v‘:‘. . *

Pegasus 1Zw18

Page 18/47




The halo mass of isolated dwarf calaxies
LCC 7560
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* NFW-like halos of different mass have circular velocity curves that do not cross
* Ifthe mass inside any radius sufficiently far from

the center can be measured,
then the total halo mass may b

e estimated

Ferrero etal 2012
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The halo mass of isolated dwarf ealaxies
LGCC 7869
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velocity [km =]

Circular Velocity

1]
Radius

* NFW-like halos of different mass have circular velocity curves that do not cross
* If the mass inside any radius sufficient|

y far from the center can be m

then the total halo mass may be estimated

easured,

Ferrero etal 2012
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The halo mass of isolated dwarf ealaxies

UGC 7509
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* NFW-like halos of different mass have circular velocity curves that do not cross
* If the mass inside any radius sufficiently

far from the center can be m
then the total halo mas
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The halo mass of

isolated dwarf galaxies

«] LeC s
uec vae

Rotation Speed

I
o

*Rotation curves typically
extend far enough to
1 allow meaningful
bl estimates of the total
L mass of the halos

Ay g * Many galaxies seem to

o= i inhabit very low mass
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- The*h.ﬁgrnmas ut,s' { elhte- &ﬂAtleS'
thc“lo ¢rbig toAH? problem

*Too big to fail?
+*Only 3 Milky Way
satellites appear to
inhabit halos more

massive than
Vinas=30 km/s

*On average, 10
subhalos more
ook massive than this are
- _i present in Aquarius
halos

0.6

r [kpel Boylan-Kolehin et al 11
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40 km/s

24 km/s

18 km/s ™

RETT

- Too big to fail?

«Only 3 Milky Way
satellites appear to
inhabit halos more

massive than
ax S0 kmi/s

«On average, 10
subhalos more
massive than this are
present in Aquarius
halos

Boylan-Kolchin et al " 11
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. Think Lqéally: The Local Group Simulation Project
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*Twelve LG candidates have a re-sim :
the EAGLE project ulated using the same code used for

*An e:uccess on LG scales does not come at the expense of failures on large
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Galaxy gallery
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Galaxy gallery
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disk galaxies
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EAGLE Galaxy Stellar Mass Function

*Recent simulations
have been able to
include reionization
and feedback effects
to reproduce the
galaxy stellar mass
function down to
galaxies of M-~108
solar masses in stars

_J

Rel=L100N1504
AGNGT9 -LOSONOTS2
- Recol=L025N0752

Number density

109, dn/dlog;o(M.) [cMpc™]

*They also match
reasonably well other
properties of the
observed galaxy

® L kWil population
o Bnldryr 12

SeE o .\ gl j Does this success

7 to the faintest

etali 2014
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Dark Matter, Gas and Stars in the Local Gl_'uup

LG-Fattahi®14
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Dark Matter, Gas and Stars in the Local Group

LG-Fattahi’ 14
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Dark Matter, Gas and Stars in the Local Group

[LLG-Fattahi’ 14
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~Dark Matter, Gas and Stars in the Local G!'oup
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LG-Fattahi’14
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Dark Matter, Gas and Stars in the Local Group

LG-Fattahi’14
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* Abundance-matching

estimates of dwarf galaxy
halo masses are heavily
biased because they
assume that every halo
hosts a galaxy
* Only half of all 109 Mgun
halos host luminous
galaxies
Halo masses can
actually be quite low
when this effect is taken
into account

Sawala42014

Page 34/47




Pirsa: 14110145

* Abundance-matching

estimates of dwarf galaxy
halo masses are heavily
biased because they
assume that every halo
hosts a galaxy
* Only half of all 10% Mgun
halos host luminous
galaxies
Halo masses can
actually be quite low
when this effect is taken
into account

Sawala*"~"
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& MW dSph
¥ M31 dSph

This work (z2=0)
= centrols
» sotelliles

= Abundance-matching

estimates of dwarf galaxy
halo masses are heavily
biased because they
assume that every halo
hosts a galaxy
* Only half of all 10° Mgyn
halos host luminous
galaxies
Halo masses can
actually be quite low
when this effect is taken
into account
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& MW dSph
¥ M31 dSph

This work (z=0)
* centrals
* satellites

= Abundance-matching

estimates of dwarf galaxy
halo masses are heavily
biased because they
assume that every halo
hosts a galaxy
* Only half of all 108 Mgyn
halos host luminous
galaxies
Halo masses can
actually be quite low
when this effect is taken
into account

Sawalad2014
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- Abundance-matching
estimates of dwarf galaxy
halo masses are heavily
biased because they
assume that every halo
hosts a galaxy

» Only half of all 10° Msun
halos host luminous
galaxies
. Halo masses can

actually be quite low

This work (z=0)
centrals
= satellites

Il

10% k"
107
108
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when this effect is taken
into account

10'°
[M,]

Sawala+2014
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‘The “missing
_ satellites”

- LG ’

we= Caloxies 1 problem

DLG<2 Mpc

*The Local Group re-
simulations match
quite well the observed
number of satellites of
each primary and the
number of dwarfs
within ~2 Mpc from
the LG barycentre,
down to stellar masses
of order ~10° Mgun
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Sawala et al ‘14
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* The number of sub
: - halos is greatly
W-\ ﬂf; p— | reduced, at given Vi,
g in hydrodynamical
DMO, M3L.like simulations compared
02 04 06 08 L0 A0, with dark-matter-only
runs
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* The number of sub
halos is greatly
reduced, at given Vinax,
in hydrodynamical
simulations compared
with dark-matter-only
runs
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;'fﬁl-fé“‘too big to
- fail” problem

*Low-mass subhalos
experience a reduction
in Vimax of order 15-20%
because of the loss of
the baryonic mass.

*This reduces by a
factor of ~2 the number

100 of sub halos with V. >
30 km/s, resolving the
“too big to fail”
problem
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ft%-h'e “too big to
- fail” problem

*Low-mass subhalos
experience a reduction
in Vimax of order 15-20%
because of the loss of
the baryonic mass.

*This reduces by a
factor of ~2 the number
of sub halos with Vs >
30 km/s, resolving the
“too big to fail”
problem

Sawaln et al *14
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curve problem

A constant density
“core” at odds with the
predicted cuspy
profiles has been
predicated for a
number of dwarf
galaxies on the basis of
rotation curves of disk
galaxies,
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