
University of California, Irvine

Based on: 1605.05326

Comparisons of Dark Matter Halos in 
Rotation Curve Observations and  ΛCDM  

Hydrodynamic Simulations

Collaborators: 
Manoj Kaplinghat, Sean Tulin, Haibo Yu

Andrew B. Pace



Outline

• Rotation Curves
• Small Scale Problems in ΛCDM

• Core/Cusp
• Too big to fail

• Baryonic Solutions 
• Rotation Curves Fits
• Mstar-Mhalo, cvir-Mhalo Relations

• Conclusions



Rotation Curves

Jobin & Carignan 1990; Blais-Ouellette et al. 2001; Carignan et al. 2013
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Cores in dwarf galaxies

LITTLE THINGS, Oh et al 2015
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Fig. 7.— The inner slope of the dark matter density profiles ↵ vs. the radius Rin of the innermost point within which ↵ is measured
as described in the small figure (de Blok et al. 2001). The ↵-Rin of the sample galaxies from LITTLE THINGS, THINGS and the two
simulated dwarf galaxies (DG1 and DG2: Governato et al. 2010) as well as the previous measurements (grey symbols) of LSB galaxies
(open circles: de Blok et al. 2001; triangles: de Blok & Bosma 2002; open stars: Swaters et al. 2003). Filled circles with arrows indicate the
galaxies of which inner density slopes are measured assuming a ‘minimum disk’, giving a steeper slope. The solid and dotted lines represent
the ↵-Rin trends of dark-matter-only ⇤CDM NFW and pseudo-isothermal halo models, respectively. See Section 6 for more details.

versy in ⇤CDM simulations but also as an indirect proof
for the existence of CDM in the Universe.

7. CONCLUSION

In this paper we derive the rotation curves of 26 dwarf
galaxies culled from LITTLE THINGS, and examine
their DM distributions near the centers of the galaxies.
From this, we address the ‘cusp/core’ problem which has
been one of the long-standing problems in ⇤CDM simu-
lations on galactic scales. The high-resolution LITTLE
THINGS Hi data (⇠600angular; ⇠2.6 km s�1 spectral)
complemented with optical and Spitzer IRAC 3.6µm im-
ages are su�ciently detailed to resolve the central region
of the sample galaxies where the cusp- and core-like halo

models are clearly distinguished.
In particular, we use the bulk velocity fields of the

galaxies extracted using the method described in Oh
et al. (2008) to correct for turbulent random non-circular
gas motions. This enables us to derive more reliable rota-
tion curves and thus more accurate DM distributions in
the galaxies. We corrected for the modest dynamical con-
tribution by baryons in dwarf galaxies by using Spitzer
IRAC 3.6µm images combined with model ⌥3.6

? values
based on stellar population synthesis models. This al-
lowed us to derive robust mass models of the stellar com-
ponents of the galaxies and thus better constrain their
central DM distributions.
From this, we found that the decomposed DM rotation
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Fig. 6. Placement of galaxies on the Vrot-Vh diagram. main figure: The blue line is the average Vrot-Vh relation in a ΛCDM universe, inferred from
abundance matching (same as in Fig. 4). The colored points represent a sample of 194 galaxies with interferometric HI observations, drawn from
the literature. Their Vrot and Vh values are computed as described in Fig. 5. All points are drawn as upper limits, because we make the conservative
assumption that the contribution of baryons to the galactic RC is negligible for all galaxies. Refer to §3.3 and Sec. 4 for the scientific interpretation
of this figure. inset panel: A zoom-in on the low-velocity region of the diagram (linear axes).

MW satellites and the kinematics of their expected host subha-
los in ΛCDM simulations (Boylan-Kolchin et al. 2011). How-
ever, a number of possible solutions to the MW TBTF prob-
lem within the ΛCDM model have been identified, thus disput-
ing the cosmological significance of the discrepancy. For ex-
ample, Wang et al. (2012) and Vera-Ciro et al. (2013) have ar-
gued that if the mass of the MW halo is Mvir < 1 × 1012 M⊙
then the TBTF problem would likely not occur. This is because
the typical masses of the largest subhalos scale sensitively with
the mass of the host halo. A MW mass in this range is on the
low side of observational estimates (e.g., Watkins et al. 2010),
and is lower than typically assumed in DM simulations of MW
analogs. Another solution can come from considering the cos-
mic variance associated with observations of a single object.
Purcell & Zentner (2012) have argued that the TBTF problem
is expected to occur in at least 10% of MW-sized halos just due
to halo-to-halo variation in the subhalo population.

The plausibility of the two solutions above has since been
put into question, because the TBTF problem is likely present in
the satellite populations of galaxies other than the MW. For ex-
ample, Tollerud et al. (2014) finds that the TBTF problem is also
present in the satellite system of the Andromeda galaxy (M31).
This finding weakens the “light” MW argument, because it is
unlikely that both the MW and Andromeda are hosted by ha-
los with Mvir < 1 × 1012 M⊙ (van der Marel et al. 2012). It also
weakens the cosmic variance argument, because it is improb-
able that both the MW and M31 are outliers in terms of their
subhalo populations. In addition, Rodríguez-Puebla et al. (2013)
find based on statistical considerations that the MW satellites
are a fairly typical population for a galaxy of this size (see also
Strigari & Wechsler 2012).

Nonetheless, a different potential solution to the TBTF has
been put forward by Zolotov et al. (2012), which is generically
applicable to the satellite population of anyMW-sized halo. This
solution is related to baryonic effects that had not been taken into
account in the original TBTF formulation. In particular, Zolotov
et al. argue that internal feedback processes in low-mass halos
(e.g., gas blowout due to star formation) will lead to the forma-
tion of low-density “cores” in their inner DM profiles. This fact,
in conjunction with the presence of a stellar disk in the MW, will
lead to significantly enhanced tidal stripping of subhalos com-
pared to the DM-only case. As a result, a significant amount of
mass can be removed from the central parts of subhalos, leading
to velocity profiles that are consistent with measurements (see
Fig. 3 in Brooks & Zolotov 2014). This baryonic solution to the
TBTF problem has been regarded as a generic and robust way
to resolve the discrepancy. However, the proposed mechanism
relies on processes that are specific to satellite galaxies; this is
why establishing whether the TBTF problem is also present for
field galaxies has important scientific implications.

The first evidence for a positive answer came from the
work of Ferrero et al. (2012). In particular, they used the stel-
lar mass function (SMF) of galaxies to infer an M∗-Mh relation
in a ΛCDM universe, via the technique of abundance match-
ing. They then showed that the rotation curves of gas-rich galax-
ies with low stellar masses (M∗ ! 107 M⊙) cannot accom-
modate host halos as massive as expected in ΛCDM (see their
Fig. 3). The present work confirms the results of Ferrero et al.,
and at the same time addresses a number of systematic uncer-
tainties present in their analysis. First, the SMF measured by
current wide-area optical surveys, such as the SDSS, suffers
from surface brightness incompleteness at low stellar masses
(M∗ ! 3 × 108 M⊙; see Fig. 6 in Baldry et al. 2008). As a result,
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abundance matching

[Boylan-Kolchin+2011, 2012, Tollerud + 2014, Kirby + 2014, Garrison-Kimmel + 2014]



How does Galaxy Formation  
Affect the Dark Matter Halo ?

• Two Main Processes:
• Formation of Disk (Adiabatic Contraction)

• increases cusp / central density
• e.g. Blumenthal+ 1986; Gnedin+ 2004

• Stellar Feedback from Supernova Winds
• creates cores
• e.g. Governato+ 2010, Oñorbe+ 2015, 

Di Cintio+ 2014
• ΛCDM hydrodynamic simulations will contain 

both (if feedback is implemented correctly)



How does Galaxy Formation  
Affect the Dark Matter Halo ?

Di Cintio+ 2014a, b
See also: Tollet+ 2016, 

Chan+ 2015, Dutton+ 2016
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Rotation Curve Data

Total 186 Galaxies
• Little THINGS
• THINGS
• WHISP
• Ursa Major Cluster
• Low Surface Brightness Galaxies
• Many many others

4 A. B. Pace

The baryonic components (VGas, VDisk, VBulge) are determined from
the literature. We assume a factor of 1.4 when converting between
the HI and gas surface densities to account for primordial Helium
and other elements. VDM is determined from the halo circular ve-
locity: V 2

DM(r) = GMDM(r)/r.
To explore the parameter space and compute the Bayesian ev-

idence for model selection, we utilize the Multi-Nested Sampling
routine (Feroz & Hobson 2008; Feroz et al. 2009). Our likelihood
is:

�2lnL µ c2 =
N

Â
i=1

⇥
Vi,obs �Vtot(ri)

⇤2

s2
i

. (5)

We compute the Bayes’ Factor for model comparison tests4. We
generally do not compare the reduced c2 as it only considers the
best fit point and not the posterior distribution. The Bayes’ Factor is
the ratio of the Bayesian evidence for two models5: lnB10 = lnZ1�
lnZ0. For lnB10 > 0, model 1 is favored compared to model 0. The
significance is interpreted via Jefferys’ scale; the lnB10 ranges of 0-
1, 1-2.5, 2.5-5, and > 5 correspond to insignificant, mild, moderate,
and significant evidence in favor of model 1 compared to model 0.
The Bayes’ Factor only considers comparisons of models and not
overall goodness of fit.

Our prior distributions are:

• rs: uniform in the range: �1 < log10 (rs/kpc)< 3.
• Mhalo: uniform in the range: 5 < log10 (Mhalo/M�)< 14.
• °kinematic: uniform in the range: 0.5<°kinematic < 2. The prior

range is doubled for galaxies without °photometric inferred from stel-
lar population synthesis analysis. For galaxies with a stellar bulge
a second °kinematic is included.
• M? and Mhalo are kept within the range: �4.1 < X <�1.3.
• No cosmological priors are assumed between the halo param-

eters.

We assume the DC14 profile is valid throughout the entire
Mhalo range. We discuss enforcing the DC14 simulation limits in
M? and Mhalo in Section 3.2. When available, °photometric values are
set by stellar population synthesis models (Bell & de Jong 2001).

2.3 Observational Sample

Our sample includes rotation curves from the following sources:
LITTLE THINGS (Hunter et al. 2012; Oh et al. 2015), THINGS
(Walter et al. 2008; de Blok et al. 2008; Oh et al. 2008; Trachter-
nach et al. 2008; Oh et al. 2011a), WHISP (Swaters et al. 2002;
Swaters & Balcells 2002; Noordermeer et al. 2005; Swaters et al.
2009), the Ursa Major cluster (Tully et al. 1996; Tully & Verheijen
1997; Sanders & Verheijen 1998; Trentham et al. 2001; Verheijen
& Sancisi 2001; Verheijen 2001; Bottema & Verheijen 2002; Bot-
tema 2002), low surface brightness galaxies (van der Hulst et al.
1993; de Blok et al. 1996; McGaugh et al. 2001; de Blok & Bosma
2002; Swaters et al. 2003; Kuzio de Naray et al. 2006, 2008), and a
miscellaneous sample (Begeman 1987; Carignan et al. 1988; Jobin
& Carignan 1990; Lake et al. 1990; Côté et al. 1991; Gonzalez-
Serrano & Valentijn 1991; Blais-Ouellette et al. 1999; van Zee &
Bryant 1999; Weiner et al. 2001; Blais-Ouellette et al. 2001; Wel-
drake et al. 2003; Gentile et al. 2004, 2007, 2010; Elson et al. 2010;

4 See Trotta (2008) for a review of Bayesian model selection in astro-
physics.
5 We refer to the logarithm of the Bayes factor as the Bayes factor in this
manuscript.

Kreckel et al. 2011; Frusciante et al. 2012; Lelli et al. 2012; Fra-
ternali et al. 2011; Carignan et al. 2013; Elson et al. 2013; Cor-
belli et al. 2014; Lelli et al. 2014b; Kam et al. 2015; Richards
et al. 2015; Randriamampandry et al. 2015; Karachentsev et al.
2015; Bottema & Pestaña 2015; Carignan & Puche 1990; Puche
et al. 1990, 1991a,b; Chemin et al. 2006; Hlavacek-Larrondo et al.
2011b,a; Westmeier et al. 2011, 2013; Lucero et al. 2015; Verdes-
Montenegro et al. 1995). Galaxies with multiple rotation curve
measurements are combined in non-overlapping regions and higher
resolution data is used in overlapping regions6.

We define the rotation curve quality tag, Q (varying between
1-3 with 1=best), to tag systems that may have misestimated errors
or systematics that indicate an untrustworthy rotation curve. The
quality decreases for galaxies containing the following: low kine-
matic inclination angles, i < 35�, non-circular motions, disturbed
velocity fields, asymmetries between the receding and ascending
sides, or the presence of a star-burst phase. Q=1 systems contain
none of these systematics, Q=2 systems contain 1-2 systematics,
and Q=3 systems contain 3-4 systematics. In addition, the galaxies
UGC 668 (IC 1613; Oh et al. 2015), UGC 4305 (DDO 50; Oh et al.
2015), and NGC 4736 (de Blok et al. 2008) are removed from the
analysis.

The galaxy sample and properties are summarized in Table 1.
The columns denote: (1) galaxy name; (2) distance in Mpc; (3)
distance method; (4) distance reference; (5) average kinematic in-
clination angle, hii; (6) mass of the stellar disk in M� (and po-
tential stellar bulge); (7) data source/survey; (8) asymmetric drift
correction (ADC); (9) photometric band utilized for M? measure-
ments; (10) ratio of scale height to scale length; (11) stellar pop-
ulation synthesis model application for °photometric; (12) rotation
curve quality tag; (13) rotation curve citation. The distance meth-
ods are: Tully-Fisher (TF), tip of the red giant branch (TRGB), and
Cepheid (Cep). The asymmetric drift correction options are: appli-
cation (Y), not applied (N), and note required (NR). In the later case
the effect was calculated and found to be sub-dominant. The ratio
of scale height to scale length is denoted hd/rd and hd/rd = 0 denotes
an infinitely-thin disk. Rotation curve sources listed in parenthesis
are unused.

Different photometric bands and methods are utilized to de-
termine M? and °photometric. For example, THINGS and LITTLE
THINGS utilize Spitzer Space telescope 3.6µm measurements and
stellar population synthesis models to determine M?. The WHISP
survey uses R-Band photometry and assumes °photometric = 1 for
each galaxy. For some galaxies, °photometric corresponds to the best
fit value to the rotation curve (e.g. Côté et al. 2000; Gentile et al.
2004). In all cases we include a °kinematic as a free parameter.

3 RESULTS

We apply the DC14 halo profile to our literature rotation curve
sample and provide example fits in Figure 2. The sample galax-
ies were chosen from the Q=1 subset to highlight the variety of
rotation curves in the sample and to show examples of both good
and poor fits.

The majority of the sample is well explained using the DC14
halo profile. We quantify this by computing the reduced chi
squared, c2

r , which indicates good fits for most of the sample;
c2

r < 1 for 76% out of 177 galaxies.

6 Typically, optical Ha is used in the inner regions and radio HI measure-
ments in the outer regions.

MNRAS 000, 1–14 (2016)
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Rotation Curve Fits with DC14 Halo Profile

Pace 2016

top: UGC 5918 (LITTLE THINGS; Oh et al. 2015), NGC 2976 (THINGS; de Blok et al. 2008), NGC 
4288 (WHISP; Swaters et al. 2009), ESO 287-G15 (Gentile et al. 2004), bottom: UGC 2259 (Carignan 
et al. 1988; Blais-Ouellette et al. 2004), NGC 3109 (Jobin & Carignan 1990; Blais-Ouellette et al. 2001; 
Carignan et al. 2013), NGC 300 (Puche et al. 1990; Westmeier et al. 2011; Hlavacek-Larrondo et al. 
2011b), and F583-01 (de Blok et al. 1996; McGaugh et al. 2001; Kuzio de Naray et al. 2006)
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Cosmological Relations

Behroozi+ 2013Klypin+ 2016



MultiModal Posteriors 

Pace 2016

Galaxies without extended rotation curve 
measurements have multimodal Mhalo posteriors



Cosmological Relations from Rotation Curve 
Fits and the DC14 halo profile

Pace 2016

• Scatter around abundance 
matching above 
Mstar ~ 10^9 Msun

• Preferentially, favors places 
galaxies in smaller halos 
below Mstar ~10^9 Msun

• Large scatter in 
concentration Mhalo 
relation.

See also: Katz+ 2016



Conclusions

• DC14 profile can explain rotation curves 
• i.e. solve the core-cusp problem

• The rotation curves kinematics do not favor 
halos that  match the cosmological Mstar-Mhalo 
and Mhalo-cvir relations

• Why
• Systematics in Rotation Curve Observations
• Incorrect (stellar) mass dependent halo 

profile
• Non-Standard Dark Matter


