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Figure 6. Comparison of the distribution function of line-widths Vlos for galaxies in the Local Volume with theoretical predictions for
the LCDM (left panel) and the Warm Dark Matter models (right panel). Left: Filled circles and the long-dashed curve present velocity
function for the 10 Mpc sample. Theoretical predictions for the ΛCDM model with the Planck cosmological parameters are presented
by the upper full curve. The short-dashed curve shows the predictions of the dark matter-only estimates without correction for baryon
infall. Enhanced mass of baryons (mostly due to stars) in the central halo regions results in the increase of the circular velocity observed
in this plot as the shift from the dashed to the full curve.

5 DISCUSSION AND CONCLUSIONS

The abundance of galaxies as a function of their circular
velocity dN/dV is a fundamental statistics, which provides
a sensitive probe for theoretical predictions (Cole & Kaiser
1989; Shimasaku 1993; Gonzalez et al. 2000; Zavala et al.
2009; Trujillo-Gomez et al. 2011; Schneider et al. 2014). It
is more difficult to measure the velocity function as com-
pared with the more familiar luminosity function. Only re-
cently observations became capable of producing reason-
ably converging estimates of dN/dV for different samples
(Zwaan et al. 2010; Papastergis et al. 2011).

Abundance of galaxies with circular and line-width ve-
locities in the Local Volume (distances less than 10 Mpc)
provides a valuable information, which can be difficult to get
from other samples (Karachentsev et al. 2004, 2013). Here
one can observe really small galaxies, and the sample has all
morphological types. Comparison with the SDSS and 2dF-
GRS luminosity functions indicates that the Local Volume is
a typical sample of galaxies for the volume probed. The sam-
ple is 90% complete for galaxies of all morphological types
down to MB = −13.5. Corrected for the selection function,
the sample can be used down to MB = −12 and circular
velocity ≈ 15 km s−1.

Observations: Estimates of the abundance of galaxies
with a given line-width Vlos presented in Figure 5 for differ-
ent observational samples shows that results mostly agree for
intermediate-size galaxies with Vlos ≈ (25−150) kms−1. The
Local Volume results are systematically above the HIPASS
(Zwaan et al. 2010) and ALFALFA (Papastergis et al. 2011)
estimates, but this is mostly due to the fact that HI mea-
surements do not cover early-type galaxies, which are

Figure 7. Relation between circular velocity dN/d log V and
line-width dN/d log Vlos functions for observations (short dashed
and full curves) and for the ΛCDM model (dot-dashed and long
dashed curves). The short-dashed curve shows our estimate of the
circular velocity function in the Local Volume. It produces the
distribution of line-widths that accurately fits the observations.
The disagreement between the ΛCDM model and observations
becomes slightly worse for the circular velocities.
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the LCDM (left panel) and the Warm Dark Matter models (right panel). Left: Filled circles and the long-dashed curve present velocity
function for the 10 Mpc sample. Theoretical predictions for the ΛCDM model with the Planck cosmological parameters are presented
by the upper full curve. The short-dashed curve shows the predictions of the dark matter-only estimates without correction for baryon
infall. Enhanced mass of baryons (mostly due to stars) in the central halo regions results in the increase of the circular velocity observed
in this plot as the shift from the dashed to the full curve.
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1989; Shimasaku 1993; Gonzalez et al. 2000; Zavala et al.
2009; Trujillo-Gomez et al. 2011; Schneider et al. 2014). It
is more difficult to measure the velocity function as com-
pared with the more familiar luminosity function. Only re-
cently observations became capable of producing reason-
ably converging estimates of dN/dV for different samples
(Zwaan et al. 2010; Papastergis et al. 2011).

Abundance of galaxies with circular and line-width ve-
locities in the Local Volume (distances less than 10 Mpc)
provides a valuable information, which can be difficult to get
from other samples (Karachentsev et al. 2004, 2013). Here
one can observe really small galaxies, and the sample has all
morphological types. Comparison with the SDSS and 2dF-
GRS luminosity functions indicates that the Local Volume is
a typical sample of galaxies for the volume probed. The sam-
ple is 90% complete for galaxies of all morphological types
down to MB = −13.5. Corrected for the selection function,
the sample can be used down to MB = −12 and circular
velocity ≈ 15 km s−1.

Observations: Estimates of the abundance of galaxies
with a given line-width Vlos presented in Figure 5 for differ-
ent observational samples shows that results mostly agree for
intermediate-size galaxies with Vlos ≈ (25−150) kms−1. The
Local Volume results are systematically above the HIPASS
(Zwaan et al. 2010) and ALFALFA (Papastergis et al. 2011)
estimates, but this is mostly due to the fact that HI mea-
surements do not cover early-type galaxies, which are

Figure 7. Relation between circular velocity dN/d log V and
line-width dN/d log Vlos functions for observations (short dashed
and full curves) and for the ΛCDM model (dot-dashed and long
dashed curves). The short-dashed curve shows our estimate of the
circular velocity function in the Local Volume. It produces the
distribution of line-widths that accurately fits the observations.
The disagreement between the ΛCDM model and observations
becomes slightly worse for the circular velocities.

c⃝ 2002 RAS, MNRAS 000, 1–11

Solutions within CDM?



8 Klypin, et al.

Figure 6. Comparison of the distribution function of line-widths Vlos for galaxies in the Local Volume with theoretical predictions for
the LCDM (left panel) and the Warm Dark Matter models (right panel). Left: Filled circles and the long-dashed curve present velocity
function for the 10 Mpc sample. Theoretical predictions for the ΛCDM model with the Planck cosmological parameters are presented
by the upper full curve. The short-dashed curve shows the predictions of the dark matter-only estimates without correction for baryon
infall. Enhanced mass of baryons (mostly due to stars) in the central halo regions results in the increase of the circular velocity observed
in this plot as the shift from the dashed to the full curve.

5 DISCUSSION AND CONCLUSIONS

The abundance of galaxies as a function of their circular
velocity dN/dV is a fundamental statistics, which provides
a sensitive probe for theoretical predictions (Cole & Kaiser
1989; Shimasaku 1993; Gonzalez et al. 2000; Zavala et al.
2009; Trujillo-Gomez et al. 2011; Schneider et al. 2014). It
is more difficult to measure the velocity function as com-
pared with the more familiar luminosity function. Only re-
cently observations became capable of producing reason-
ably converging estimates of dN/dV for different samples
(Zwaan et al. 2010; Papastergis et al. 2011).

Abundance of galaxies with circular and line-width ve-
locities in the Local Volume (distances less than 10 Mpc)
provides a valuable information, which can be difficult to get
from other samples (Karachentsev et al. 2004, 2013). Here
one can observe really small galaxies, and the sample has all
morphological types. Comparison with the SDSS and 2dF-
GRS luminosity functions indicates that the Local Volume is
a typical sample of galaxies for the volume probed. The sam-
ple is 90% complete for galaxies of all morphological types
down to MB = −13.5. Corrected for the selection function,
the sample can be used down to MB = −12 and circular
velocity ≈ 15 km s−1.

Observations: Estimates of the abundance of galaxies
with a given line-width Vlos presented in Figure 5 for differ-
ent observational samples shows that results mostly agree for
intermediate-size galaxies with Vlos ≈ (25−150) kms−1. The
Local Volume results are systematically above the HIPASS
(Zwaan et al. 2010) and ALFALFA (Papastergis et al. 2011)
estimates, but this is mostly due to the fact that HI mea-
surements do not cover early-type galaxies, which are

Figure 7. Relation between circular velocity dN/d log V and
line-width dN/d log Vlos functions for observations (short dashed
and full curves) and for the ΛCDM model (dot-dashed and long
dashed curves). The short-dashed curve shows our estimate of the
circular velocity function in the Local Volume. It produces the
distribution of line-widths that accurately fits the observations.
The disagreement between the ΛCDM model and observations
becomes slightly worse for the circular velocities.
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Figure 6. Comparison of the distribution function of line-widths Vlos for galaxies in the Local Volume with theoretical predictions for
the LCDM (left panel) and the Warm Dark Matter models (right panel). Left: Filled circles and the long-dashed curve present velocity
function for the 10 Mpc sample. Theoretical predictions for the ΛCDM model with the Planck cosmological parameters are presented
by the upper full curve. The short-dashed curve shows the predictions of the dark matter-only estimates without correction for baryon
infall. Enhanced mass of baryons (mostly due to stars) in the central halo regions results in the increase of the circular velocity observed
in this plot as the shift from the dashed to the full curve.

5 DISCUSSION AND CONCLUSIONS

The abundance of galaxies as a function of their circular
velocity dN/dV is a fundamental statistics, which provides
a sensitive probe for theoretical predictions (Cole & Kaiser
1989; Shimasaku 1993; Gonzalez et al. 2000; Zavala et al.
2009; Trujillo-Gomez et al. 2011; Schneider et al. 2014). It
is more difficult to measure the velocity function as com-
pared with the more familiar luminosity function. Only re-
cently observations became capable of producing reason-
ably converging estimates of dN/dV for different samples
(Zwaan et al. 2010; Papastergis et al. 2011).

Abundance of galaxies with circular and line-width ve-
locities in the Local Volume (distances less than 10 Mpc)
provides a valuable information, which can be difficult to get
from other samples (Karachentsev et al. 2004, 2013). Here
one can observe really small galaxies, and the sample has all
morphological types. Comparison with the SDSS and 2dF-
GRS luminosity functions indicates that the Local Volume is
a typical sample of galaxies for the volume probed. The sam-
ple is 90% complete for galaxies of all morphological types
down to MB = −13.5. Corrected for the selection function,
the sample can be used down to MB = −12 and circular
velocity ≈ 15 km s−1.

Observations: Estimates of the abundance of galaxies
with a given line-width Vlos presented in Figure 5 for differ-
ent observational samples shows that results mostly agree for
intermediate-size galaxies with Vlos ≈ (25−150) kms−1. The
Local Volume results are systematically above the HIPASS
(Zwaan et al. 2010) and ALFALFA (Papastergis et al. 2011)
estimates, but this is mostly due to the fact that HI mea-
surements do not cover early-type galaxies, which are

Figure 7. Relation between circular velocity dN/d log V and
line-width dN/d log Vlos functions for observations (short dashed
and full curves) and for the ΛCDM model (dot-dashed and long
dashed curves). The short-dashed curve shows our estimate of the
circular velocity function in the Local Volume. It produces the
distribution of line-widths that accurately fits the observations.
The disagreement between the ΛCDM model and observations
becomes slightly worse for the circular velocities.
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Solution 1:  

Faint dwarfs are hosted by very massive DM halos



Solution 1: Faint dwarfs are hosted by massive DM halos

relation required by LV 
abundance of galaxies 

(Papastergis+2015)

not all rotation observations allow for a “DM core” solution to the abundance problem

STG, Schneider & Papastergis (in prep.)



Solution 1: Faint dwarfs are hosted by massive DM halos

relation required by LV 
abundance of galaxies 

(Papastergis+2015)

not all rotation observations allow for a “DM core” solution to the abundance problem

STG, Schneider & Papastergis (in prep.)



Is galaxy rotation a good probe of the maximum  
circular velocity of the DM halo?



Solution 1: rotation velocity underestimated in unresolved kinematic data?
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The ALFALFA blind HI survey 

~10000 galaxies (brightness limited)

The Local Volume catalog 

~900 galaxies (volume limited)



Solution 1: rotation velocity underestimated in unresolved kinematic data?

STG, Schneider & Papastergis (in prep.)



Solution 1: unresolved vs. resolved kinematic HI data

STG, Schneider & Papastergis (in prep.)



Solution 1: connecting profile widths to rotation curves

STG, Schneider & Papastergis (in prep.)



Solution 1: Connecting rotation curves with halo Vmax 

Papastergis & Shankar (2016)

A&A proofs: manuscript no. TBTF_vs_feedback

Fig. 3. Datapoints with errorbars represent the rotational velocity mea-
sured at the outermost HI radius, Vout,HI=V(Rout,HI), for six example
galaxies. The galaxies are ordered from top left to bottom right in order
of increasing Rout,HI. In each panel, the dotted and dashed lines cor-
respond to the RCs of the most massive halo that is compatible with
the observed datapoint within 1�, assuming an NFW and DC14 profile
respectively. The horizontal mark denotes the value of the linewidth-
derived Vrot,HI for each galaxy.

then the existence or not of a central core has a profound e↵ect
on the inferred properties of the host halo. Conversely, galaxies
with more extended HI disks, Rout,HI& 2 kpc, probe the region
of the profile that is not heavily a↵ected by stellar feedback. As
a result, the constraint that they can place on the mass of their
host halo is roughly independent of the shape of the DM density
profile in the inner region.

3. Results

Figure 4 shows the placement of galaxies in the Vrot,HI – Vh,max
plane, according to the NFW and DC14 analysis (top and bottom
panel, respectively). In both panels, the y-axis is Vrot,HI, which
corresponds to the inclination-corrected HI linewidth of galax-
ies (Eqn. 1; see also Fig. 1 in Papastergis et al. 2015). Typical y-
axis errorbars for galaxies with Vrot,HI= 15 km s�1 and 35 km s�1

are also plotted for reference. These errorbars are derived from
Eqn. 1 assuming typical values for the observational error on the
measured HI linewidth, �W50 = 4 km s�1, and on the galactic
inclination, �i = 10�. Note that the error on Vrot,HI is di↵erent
for each object, because it strongly depends on the inclination
of each individual galaxy. The plotted errorbars refer to an in-
dicative inclination of i = 57�, which is the average value for

randomly oriented objects. A more detailed explanation of the
impact of observational errors on the placement of galaxies in
the Vrot-Vh plane can be found at the end of §3.3 in Papastergis
et al. (2015).

The x-axis corresponds instead to the upper limit on Vh,max
for each galaxy’s host halo, inferred from the analysis of the
resolved HI kinematics of each object (refer to §2.2.2). Keep
in mind that, unlike Vrot,HI, Vh,max is not an observational prop-
erty of a galaxy. It is rather a model-dependent quantity, in the
sense that the inferred value depends on the assumed DM profile
shape. In both panels, the datapoints are color-coded according
to the value of the galactic outermost HI radius, Rout,HI. As ex-
plained in §2.2.2, galaxies with Rout,HI. 1.5 kpc can have a large
di↵erence between the upper limit on Vh,max obtained using an
NFW or a DC14 profile. As a result, cyan shaded datapoints can
move a lot in the x-axis direction between the two panels. On
the other hand, galaxies with larger outermost radii, Rout,HI& 2
kpc, can place approximately the same constraint on their host
halo mass irrespective of the assumed profile. Therefore, ma-
genta shaded datapoints are expected to keep a similar x-axis
position in both panels.

The blue and red shaded regions in Figure 4 correspond to
the relations between Vh,max and Vrot,HI that reproduce the AL-
FALFA and Local Volume measurements of the galactic VF, re-
spectively (see Sec. 2.1.1). In the top panel of Fig. 4, datapoints
with Vrot,HI. 25 � 30 km s�1 are incompatible with the average
relations needed to reproduce the observed velocity function of
galaxies. This constitutes the well-established TBTF problem for
field galaxies (Ferrero et al. 2012; Garrison-Kimmel et al. 2014;
Papastergis et al. 2015; Brook & Di Cintio 2015a). Put simply,
the problem consists of the fact that the kinematics of the small-
est dwarfs in our sample indicate that they are hosted by NFW
halos with Vh,max= 20 � 30 km s�1; however, halos of this size
are too abundant in a ⇤CDM universe to explain the low number
density that is observed for such dwarfs.

The situation is di↵erent in the DC14 analysis shown in the
bottom panel of Figure 4. The datapoints display increased scat-
ter, due to several objects moving towards larger values of Vh,max.
Objects that are compatible with the AM relations represent now
a sizable minority of all galaxies with Vrot,HI< 25 km s�1. How-
ever, it is crucial to notice that there is a clear segregation be-
tween the datapoints that are compatible with the AM relations
and those that are not: the former are mostly cyan shaded, indi-
cating small values of Rout,HI. On the other hand, the majority of
our galaxies remain incompatible with the AM relations, includ-
ing all objects with relatively large values of Rout,HI (blue and
magenta shaded datapoints). Since these latter type of objects
can place firmer constraints on the mass for their host halos, we
conclude that adopting DC14 profiles in our kinematic analysis
has not resolved the TBTF problem.

Let us note that the results presented in Fig. 4 are robust
against a number of theoretical complications. For example, in-
cluding scatter in the AM procedure described in §2.1.2 will lead
to an average relation that is displaced to slightly higher values
of Vh,max. As a result, the zero-scatter case considered in this
work represents a conservative choice for assessing the TBTF
problem. Furthermore, we argue in Appendix B that including
scatter in halo concentration as part of our kinematic analysis
(§2.2.2) does not change our results substantially. Last and most
importantly, the result shown in the bottom panel of Fig. 4 is not
specific to the particular parametrization of the DC14 profile.
In fact, di↵erent hydrodynamic simulations can lead to di↵er-
ent calibrations of the parameters of Eqn. 4 on the stellar-to-halo
mass ratio (e.g., Chan et al. 2015). The fact that most of our ex-
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Solution 1: Including a large correction due to baryon-induced DM cores 

STG, Schneider & Papastergis (in prep.)



Solution 1: The Vmax Velocity Function of galaxies vs. CDM haloes

STG, Schneider & Papastergis (in prep.)
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Solution 2:  

Due to baryon physics, very few dwarf DM halos host galaxies 



Solution 2: photo-evaporation due to ionising background

reionisation of the Universe 

at z=10 heats IGM to 104 K  

this should prevent the 
formation of galaxies in DM 

halos with shallow 

potential wells



Baryonic Effects: photo-evaporation due to ionising background

STG, Schneider & Papastergis (in prep.)

ALFALFA optical



Baryonic Effects: photo-evaporation due to ionising background

STG, Schneider & Papastergis (in prep.)
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Baryonic Effects: photo-evaporation due to ionising background

STG, Schneider & Papastergis (in prep.)

ALFALFA optical

+

ALFALFA HI
+

Local Volume optical



Baryonic Effects: photo-evaporation due to ionising background

STG, Schneider & Papastergis (in prep.)
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Solution 1: Recovering the halo Vmax from HI profile widths

STG, Schneider & Papastergis (in prep.)
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The missing dwarfs: a challenge for CDM?

1. YES, but disagreement is smaller than in raw survey data 

2. Systematic underestimation of rotation velocity due to extent of HI profile 

3. Rotation curves allow for correction from galaxy rotation to halo Vmax 

4. Discrepancy may be reconciled using baryonic feedback  

5. BTF and satellite luminosity function rule out most solutions



thank you



Solution 2: Due to baryon physics, very few DM halos host galaxies 

simple predictions are difficult due to complex physics of baryons: need for 
numerical experiments

• suite of hydro cosmological simulations of MW-like haloes (Ceverino+ 2013, Trujillo-
Gomez+ 2015).

• resolution ~17 pc, min. star particle mass ~600 Msun

• dwarf galaxies “resolved” down to Mvir ~ 107 Msun   , Vmax ~ 7 km/s (well below the 
reionization suppression scale)

• probe volumes ~ Mpc3 around each large halo

• sample of > 2000 dwarf galaxies (field and satellites) for each run

• first statistical sample of high-resolution simulated dwarfs 

• uncertainties in reionization & stellar feedback dominate



Orion

Orion

NGC 604

stellar energy and momentum output known but 
coupling to galactic scales highly uncertain

radiation

SN + stellar winds

Uncertainties in stellar feedback modelling

Strong stellar feedback is required to fit the 
observed star formation histories and halo gas 

properties of simulated galaxies  

However, strong feedback fails to produce thin 
stellar discs in large galaxies (Agertz+2015)



CDM prediction + HAM: STG+ 2011

optical + ALFALFA surveys of Local 
Volume: Klypin+ 2015
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The abundance of galaxies in hydro simulations



101 102

vmax [km/s]

100

101

102

N
(>

v m
ax

)

DM halos

galaxies > 1e5

galaxies > 1e6

galaxies (S15)

observed LV

weak (SN) feedback + late reionization 

101 102

vmax [km/s]

100

101

102

N
(>

v m
ax

)

DM halos

galaxies > 1e5

galaxies > 1e6

galaxies (S15)

observed LV

very strong (SN+radiation) feedback + late reionization 

The abundance of galaxies in hydro simulations



101 102

vmax [km/s]

100

101

102

N
(>

v m
ax

)

DM halos

galaxies > 1e5

galaxies > 1e6

galaxies (S15)

observed LV

101 102

vmax [km/s]

100

101

102

N
(>

v m
ax

)

DM halos

galaxies > 1e5

galaxies > 1e6

galaxies (S15)

observed LV

very strong (SN+radiation) feedback + late reionization 

The abundance of galaxies in hydro simulations



101 102

vmax [km/s]

100

101

102

N
(>

v m
ax

)

DM halos

galaxies > 1e5

galaxies > 1e6

galaxies (S15)

observed LV

very strong (SN+radiation) feedback + late reionization 

The abundance of galaxies in hydro simulations



101 102

vmax [km/s]

100

101

102

N
(>

v m
ax

)

DM halos

galaxies > 1e5

galaxies > 1e6

galaxies (S15)

observed LV

The abundance of galaxies in hydro simulations



7 8 9 10 11 12
log10(Mvir/M�)

2

4

6

8

10

lo
g 1

0(
M

⇤/
M
�
)

GK16 HAM

luminous frac.

isolated

satellites

B13 HAM

M14 obs.

O11 obs.

very strong (SN+radiation) feedback + late UVB 

Tensions with other probes of DM halo occupation - stellar vs. halo mass
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satellites

Abundance Matching 
(Behroozi+13)
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mass modelling (Oh+11)
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Solution 1: rotation velocity underestimated in unresolved kinematic data?

STG, Schneider & Papastergis (in prep.)
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Solution 1: unresolved vs. resolved kinematic HI data

STG, Schneider & Papastergis (in prep.)
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