
 The Heart of Darkness: 
The Galactic center
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Disk Perturbations

Galactic Center (DM profile)



Dark Matter

• First Observational Evidence found by Knut Lundmark 
(1925) Lund Sweden from Rotation Curves.

•  Gravitational effects of Dark Matter are also well 
known from Lensing, the Bullet Cluster, the Cosmic 
Microwave Background (CMB), etc…

LensingRotation 
Curves Bullet Cluster

CMB



Cold Dark Matter (CDM ) Paradigm
• From The Cosmic Microwave Background 

• 85 % of the mass of the Universe is Dark Matter (Plank 
ESA Mission 2015) 

• Dark Matter is fairly cold (heavy) 

• Fairly collisionless 

• Test with Gaia and Theia 

• Possible candidates (Weakly Interacting Massive Particles) 
WIMPs, Axions, Sterile Neutrinos 

➡ Focus on WIMPs very well motivated by theory  

➡ Lots of experiments looking for WIMPS 

➡ Colliders (LHC) 

➡ Direct Detection (Xenon etc) 

➡ Indirect Detection (Fermi and IceCube) 

➡ Test with the First Stars

XENON100: Keeping it Cold! New Cryogenics System Design

Pulse Tube Refrigerator (160 W ) for  Xe liquefaction and Xe gas recirculation  

Cooling tower with PTR is an extension of the detector cryostat, mounted outside shield 

Xe gas is liquefied in the tower and flows into the detector vessel via super-insulated pipe

XenonJ. Conrad

Fermi IceCube

LHC



Nature of Dark Matter unknown, except that it is  
  

-Fairly cold (heavy) 
 - Fairly collision-less

How cold? 
How collisionless?

 Astrometric Tests of Dark Matter

Perturbations of the Disk

Cusp or core??

Dark Matter profile  of the MW



250 kpc

Smoking Gun: If cold (very Massive), Lots of clumps of Dark Matter

Aquarius Simulation of Milky Way

If warm, No ClumpsWe live in 
a halo of Dark Matter



 N-body solver PKDGRAV  and L. Widrow Code.Consider Many Cases

Feldmann & Spolyar 2013

•Realistic Simulation of Milky Way Halo and Disk
•Subhalo (Clump) Mass 108 M⦿ 

should be observable



Effect of Perturbation



Galaxia

14

FIG. 10.— Angular distribution of giants and red clumps. Shown are the
fraction of giants and red clumps, and the ratio of red clump to giants in a
survey with magnitudes in the range 9 < I < 13. The upper panels are
without dust extinction while the lower panels are with dust extinction. In the
figures, the small scale structures lying away from the galactic mid plane are
due to Poisson noise resulting from low number of stars.

the volume sampled increases as cube of the distance. Hence,
in directions where the disc extends the farthest, we should
expect to see a higher fraction of giants. Red clumps on the
other hand are less luminous than the giants which means that
the ratio of red clumps to giants will be lower in regions where
the fraction of giants is higher. Additionally, the red clumps
are found in metal rich populations only. Now, due to the ex-
istence of a vertical metallicity gradient in the disc, as one
moves away from the galactic plane the fraction of metal rich
population being surveyed decreases, this makes the ratio of
RCs/giants to fall off as one moves away from the galactic
mid-plane. Including dust extinction in general leads to faint
stars getting excluded in a volume limited survey. Since a
RAVE-style survey has a significant fraction of giants lying at
larger distances, where they also appear faint, the effect of ex-
tinction is to lower the overall fraction of giants (from 0.6 to

FIG. 11.— Angular distribution of giants and red clumps. Shown are the
fraction of giants and red clumps, and the ratio of red clump to giants in
a survey with SDSS r band magnitude in the range 4 < r < 22 . The
upper panels are without dust extinction while the lower panels are with dust
extinction. The color bar range for 1st and 3rd panels is 0 to 0.1 and for
2nd and 4th panels is 0 to 1. In the figures, the small scale structures lying
away from the galactic mid plane are due to Poisson noise resulting from low
number of stars.

0.4). As expected the overall ratio of red clump stars to giants
increases slightly (from 0.3 to 0.4) on including extinction.
Next, we repeat our analysis for an SDSS-style survey, with

r band magnitude in the range 4 < r < 22 (Figure 11). The
mean fraction of stars that are giants and red clumps is found
to be 0.016, which increases to 0.034 when extinction is in-
cluded. The mean ratio of red clumps to giants is 0.44, which
with extinction included decreases only slightly to 0.42. Here
the effect of extinction on the fraction of giants is opposite to
what we saw earlier for the RAVE simulation. This is due to
the fact that in an SDSS type survey the faint end of the mag-
nitude distribution is dominated by main sequence dwarfs,
which get excluded by the effect of extinction. On the other
hand, given the extremely faint magnitude limit of the survey,
the giants and red clumps in the disc are luminous enough to

Besancon Model for the disk

Bullock & Johnson for halo
Realistic Dust Model

Generate mock catalogs of the MW

Sharma et al 2011

Generate mock and then paint perturbation from simulation 
onto mock catalog



Improve distance errors
• parallax (largest errors) 

• Improve errors with spectra 

• From 10-20 percent errors to 5-10 
percent (possibly better). 

• 0.05 mag Extinction 

• From Gaia determination 

• better than 5 with better 
spectra

8 C. Liu et al.
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Figure 7. The logarithmic histogram of the residuals of Te↵ , A0, [Fe/H], and log g for all stars with G = 15mag. The colours indicate the method: SVM
(black/dashed), ILIUM (blue/dotted), Aeneas p-model (green/dashed–dotted), Aeneas pq-model (red/solid).

Table 3. Performance (mean absolute residual) for stars at G = 19mag
with true A0 < 1mag.

AP Sample SVM ILIUM Aeneas Aeneas
(p-model) (pq-model)

All stars 199 451 209 294
A stars 590 648 628 933

✏Teff
/K F stars 249 503 261 416

G stars 226 502 233 337
K stars 185 523 197 251
M stars 97 148 99 138
All stars 0.16 0.30 0.16 0.23
A stars 0.13 0.19 0.16 0.30

✏A0 /mag F stars 0.13 0.26 0.14 0.21
G stars 0.14 0.28 0.14 0.21
K stars 0.20 0.37 0.20 0.26
M stars 0.13 0.22 0.14 0.19
All stars 0.37 0.68 0.34 0.47
A stars 0.72 0.99 0.69 0.83

✏[Fe/H]/dex F stars 0.37 0.62 0.30 0.42
G stars 0.30 0.69 0.34 0.46
K stars 0.37 0.81 0.35 0.47
M stars 0.38 0.39 0.31 0.44
All stars 0.19 1.37 0.56 0.32
A stars 0.19 0.87 0.91 0.88

✏log g /dex F stars 0.24 1.35 0.54 0.39
G stars 0.22 2.08 0.61 0.40
K stars 0.17 1.40 0.59 0.24
M stars 0.13 0.57 0.43 0.28

true AP values, it can be misleading to summarize the performance
with just a few numbers, as any average depends strongly on the
distribution of APs in the test data set. We therefore show various
plots and tables for various AP ranges. We also provide star-by-star
results in a set of online tables (see appendix).

Figure 7 permits a quick comparison of the methods by show-
ing the distributions of the residuals for the G=15 test set. Ta-
ble 2 summarizes the accuracy of each AP for low extinction
stars (A0 < 1mag) for different ranges of the true Te↵ (“spec-
tral types”) for each of the four methods, at G=15. The spectral
types are defined as the following Te↵/K ranges (with the num-
ber of stars of each type in the full test set / in the A0 < 1 subset
given in parentheses): 7500–10000 A stars (68/22); 6000–7500 F

stars (336/106); 5250–6000 G stars (361/113); 3750–5250 K stars
(932/218); 3000–3750 M stars (303/96). Defining the residual for
AP � as �� = �est � �true, the first of our statistics for summa-
rizing performance over a set of stars is the mean absolute residual
(MAR), ✏� = h|��|i. Similar metrics are possible, such as the
root-mean-square (RMS), but the MAR is less sensitive to outliers,
so is more representative of the bulk of the residual distribution.
Table 3 summarizes the accuracy at G=19. The dependence of the
performance on G will be discussed in section 5.

The MAR is a measure of the total error. It is useful to know
how much of this is a systematic error. We characterize that using
our second statistic, the mean residual (MR), h��i.

The reader can draw his/her own conclusions from these ta-
bles, but we draw attention to a few features.

First, SVM appears to have the best performance for almost
all APs given A0 < 1mag. We will see that this is not the case
for all APs at higher extinctions, however. log g also appears to be
estimated best by SVM. However, Figure 7 shows that the residuals
from SVM have a positive skew, i.e. a systematic over-estimation.

Second, [Fe/H] can be estimated more accurately for cooler
stars than for hotter stars with all algorithms. This well-known re-
sult is a consequence of metal lines being less prominent in the
stellar spectra of hotter stars. Even though we have no explicit lines
in the BP/RP spectra, metallicity is still exerting an effect on the
pseudo continuum.

Third, at G=15 Aeneas pq-model is slightly better than p-
model for log g, while for the other three APs the two models
achieve similar performance. At G=19 pq-model gives rise to con-
siderably better accuracy than p-model in log g for FGKM stars,
but is considerably worse in the other APs. This will be explained
in section 5.2.

In the following sections we look in more detail into the AP
estimation accuracy and its dependence on the true APs.

4.2 Te↵ estimation

Figure 8 shows the dependence of the Te↵ MAR (upper row) and
MR (lower row) on the true Te↵ for each of the four methods at
G=15, for three different ranges of the true extinction. For most of
the parameter range, SVM and Aeneas show similar performance,
with ILIUM being somewhat less accurate. The error in Te↵ in-

c� 0000 RAS, MNRAS 000, 000–000 Content is c� the authors

C. Liu et al 2012



Detecting dark matter substructures with Gaia 1005

Figure 6. Orbits of selected substructures in the Via-Lactea I simulation. Substructures are selected based on their mass (>108 M⊙), their peak maximum
rotation velocity (>20 km s−1), and their distance from the Galactic Centre (<30 kpc). Seven substructures match these criteria and enter the innermost 20 kpc
of the main halo (dashed lines). Left panel: distance from the Galactic Centre versus redshift. About one selected substructure crosses the disc of the MW
per 100 Myr. Middle panel: speed of the selected substructures versus distance from the Galactic Centre. Substructures intersecting the MW disc have typical
speeds of ∼300–450 km s−1. Right panel: ratio of radial to tangential velocity versus distance from Galactic Centre. The ratio is negative if the substructure
moves inward and positive if it moves outward. Substructures intersecting the MW disc have typical radial to tangential velocity ratios in the range of
−3 to +3.

Hence, we expect several disc crossings per dynamical time of the
MW disc for substructures with tidal masses above 108 M⊙ and
virial masses above 109 M⊙.

As a consistency check we also estimate the collision rate from
publicly available substructure orbits provided by the Via-Lactea
project.2 Via-Lactea I is a cosmological N-body simulation that
follows the formation of an MW-like dark matter halo and resolves
over 6000 substructures with a peak circular velocity above 5 km s−1

(Diemand et al. 2007). We identify eight substructures from Via-
Lactea I that satisfy all three of the following conditions at some
redshift z ≤ 0.1 (i.e. within the past 1.3 Gyr): (i) a bound mass above
108 M⊙, (ii) a peak maximum rotation velocity above 20 km s−1

(to ensure that the virial mass at infall was !109 M⊙), and (iii)
a position within 30 kpc from the Galactic Centre (see left panel
of Fig. 6). Seven out of the eight substructures have a pericentric
distance to the Galactic Centre of less than 20 kpc and, hence, would
intersect the disc of the MW. Given that most of these substructures
would cross the disc twice we arrive at !c ∼ 1.1 ± 0.4 per 100 Myr,
in reasonable agreement with our previous estimate (4).

We note that these estimates are only approximate. The mass
of the MW halo and, thus, the expected abundance of dark matter
substructures are constrained observationally only to within a factor
of a few (e.g. Boylan-Kolchin et al. 2013). In addition, our estimates
are based on pure dark matter simulations that neglect baryonic
processes. Baryons can enhance the collision rate via adiabatic
contraction and gravitational focusing. Conversely, the destruction
of substructures in previous dynamical interactions with the disc
could reduce the interaction rate by a factor of 2–3 (D’Onghia et al.
2010).

The orbits provided by the Via-Lactea simulation allow us to
constrain the typical speeds and orbital parameters of substructures
passing through the disc of the MW. In the middle panel of Fig. 6
we show the speed as a function of distance from the Galactic
Centre for the eight selected substructures (see above). Typical
speeds are 300–450 km s−1 depending on the chosen substructure
and on the orientation between the orbit and the MW disc. The

2 See http://www.ucolick.org/∼diemand/vl/

right panel of Fig. 6 shows that the radial to tangential velocity of
substructures has a broad distribution ranging from nearly tangential
motions (ratio ∼0), to strongly radial motions (absolute value of the
ratio ∼3). We note that the substructure orbits chosen in this work
reflect the range of typical speeds and radial to tangential velocities
found in the Via-Lactea cosmological simulation (see Table 2 and
Appendix B).

5 D ETECTING LOW-MASS SUBSTRUCTURES
WI TH GAIA

The upcoming astrometric mission Gaia will provide positions and
motions for over a billion MW stars, observe objects out to 1 Mpc,
and at a micro-arcsecond (µas) precision (Perryman et al. 2001).
Gaia is in fact ideally suited to search for the kinematic signatures
of starless substructures orbiting the MW as we now demonstrate.

5.1 Measuring the mean velocity of disc stars with Gaia

Gaia will be able to measure parallaxes to a precision3 of 26 µas and
proper motions to 14 µas yr−1 for stars with an apparent magnitude
brighter than 15 in the G band (which is the main photometric band
for Gaia). We estimate that Gaia should observe about 105 disc stars
per kpc2 with a parallax error less than 20 µas (and a corresponding
distance error of < 10 per cent) at a distance of 5 kpc. This surface
density is sufficient to detect passing substructures of mass !108

M⊙.
To arrive at this estimate we use the code GALAXIA (Sharma et al.

2011) to create a realistic mock catalogue of MW stars. The code
returns the absolute magnitude of each star in the V and the I band,
the distance to the star, and the extinction due to dust. We convert
absolute magnitudes into apparent magnitudes using the known
distances and dust extinctions and then use the fitting formulae
provided by Jordi et al. (2010) to estimate the parallax error of each
star.

3 See Gaia Science Performance at http://www.cosmos.esa.int/web/gaia/
science-performance

MNRAS 446, 1000–1012 (2015)
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Note Aquarius has 3 times as much substructure



Theia Fields

20 Fields  with 10 above the disk (2 degree ) and below
On the order of a million stars in each field

Effect scales with halo mass 



Detecting subhalos in Milky Way
• By perturbations of stellar orbits

need subhalo to be massive and concentrated: 
rhalf = 2 kpc for log M =8 , 1000 pc for log M = 6

GAIA can detect log M/Msun = 8 subhalos (rare: closest at 3 kpc) 
THEIA (20 LOS in 2 yr) can unambiguously detect log M/Msun = 6.7 subhalos  
→ avoid confusion with other perturbers

Largest effect when subhalo passes through disk

in disk

Feldmann & Spolyar 15

still visible after 1st passage



Dark Matter Profile
• Cold Dark Matter alone predicts cusps 

(NFW) 

• But halos may have a core 

• New Physics (Fundamental test) 

• Critical for Indirect Detection 
Experiments (go where the DM is) 

• Targets:  

• Dwarf Galaxies (Malcolm) 

• Galactic Center

The core–cusp problem in cold dark matter halos 9

Fig. 8.— Number of oscillation cycles for the excess of injected
kinetic energy over the binding energy, Nosc, as a function of r.
Thick solid, dotted, and dotted–dashed lines represent T = τ, 3τ ,
and 10 τ , respectively. Horizontal solid (dotted) lines represent 10
(60) cycles.

Fig. 9.— Evolutional process of the density profile of the DM
halo (NFW–1) after 10 (thin solid line), 50 (thick solid line), 55
(dotted line), and 60 (dotted–dashed) cycles. The dashed line rep-
resents the NFW profile.

scale, determined using the energy transfer rate, is con-
sistent with the prediction based on the resonant condi-
tion derived in Section 2 because it corresponds to the
position at which particles resonate with the fundamen-
tal tone and are accelerated most effectively. However,
our model, based on the energy transfer rate, tends to
predict a slightly larger core scale than that shown in
the simulation results, which may have been caused by
the overestimation of the rate of kinetic energy transfer
from the baryon potential to the DM halo because of the
approximation from Equation (12). Nonlinear or mul-
tidimensional effects not considered in the model may
also have led to the overestimation. Our model fails the
prediction for the run of T = 10τ , which is unfortunate
because the interactions among different Fourier modes
that we neglect are essential in this case. Particles mov-
ing faster than density waves push them and lose kinetic
energy. Evaluation of such power to accurately estimate
the net energy transfer rate requires a significantly more
complex analysis.
This argument also implies that even if we increase the

number of cycles, the structure will be scarcely affected
because the number of cycles for the excess amount of in-
jected kinetic energy over binding energy, Nosc, diverges;
that is, the energy transfer rate, dK/dt, approaches zero.
We then examine the factor determining such a diver-

Fig. 10.— Upper panel shows the evolutional process of the
density profile of the DM halo (NFW–8) after 10 (solid line), 20
(dotted line), and 30 (dotted–dashed line) cycles. The thin solid
and dashed lines express the results of NFW–1 after 10 cycles and
the NFW profile, respectively. The lower panel shows Nosc(r) as
a function of r. Thick and thin curves correspond to NFW–8 and
NFW–1, respectively.

gent point of Nosc, or the final core scale. In the ini-
tial equilibrium state, particles have velocities less than
those escaping from the halo. Particles with high veloci-
ties decrease with radius and disappear eventually, which
indicates that the term in Equation (37), df(v0)

dv0
(r) → 0.

The slowest velocity for the resonance (i.e., the funda-
mental tone) is given by v0(r) = Ω/k(r). Therefore,
the divergent point is determined by the period of the
fundamental tone and the potential profile of the DM
halo. The evolutional processes of NFW–1 are shown
in Figure 9, which shows that the growth of the core
scale saturates, as expected. The core size has grown
to 0.20kpc after 60 oscillation cycles. This reasonably
matches the prediction by Equation (37) for 60 oscilla-
tion cycles, rup(60) = 0.59kpc.
By a similar discussion, we argue the dependence on

other parameters, Mb, Rb,max, and Rb,min. In NFW–
8, the mass of the external potential is set to half, and
T = τ . The amplitude of the potential change becomes
smaller than those in the former runs, and a larger num-
ber of oscillation cycles is required to flatten the cusp.
We compare Nosc of NFW–8 with that of NFW–1 in the
lower panel of Figure 10. As expected, Nosc becomes
larger than NFW–1; however, the divergent point is sim-
ilar to that of NFW–1. The upper panel in the figure
shows the evolutional processes of the density profile and
demonstrates that the number of oscillation cycles re-
quired to reach the quasiequilibrium state is greater than
that in the large amplitude case (NFW–1). However, the
final state perfectly matches that of NFW–1.

Dark Matter profile  of Galaxies

Cusp or core??



Measuring Dark Matter inner slopes
Dark Matter- anisotropy degeneracy! 

Orbital Structure of stars and Dark Matter profile are degenerate 
 Cusp and Core allowed

Break Degeneracy With 
 3D spacial information from RR Lyrae 

Richardson,Spolyar, and Lehnert 2014

Current analyses in 2+1D space:  
 Core and Cusp allowed!



Galactic Center
• Very active (SMBH) 

• Presumably lots of Dark Matter 

• Best target to search for DM 
annihilation (lots and lots of DM) 

• Discover Signal then want know 
profile (critical test) 

• Repeated claims of discovery 
(Hooperon) SMBH GC



Gaia DM
• Will get large scale structure  

• Gaia (kpc scale) 

• V band (more or less) 

• Too much dust! 

• Could look at Dust Free windows 

• Baade’s window (2.7 mags) 
not too Bad 

• other windows comparable  

• Versus 20 in V band



IR add on 

• Assume <1.7 microns

• Number of stars 
based on the 
confusion limit.

• Viral argument gives 
mass to a few 
percent is this good 
enough?

mock of GC

500 pc  from galactic center



Opportunities

• Theia could do better at galactic 
center compared  

• Gaia (v band vs IR)  

• Wfirst (Better angular resolution) 

• Gaia and WFirst  does large scale DM 
Structure of the Galaxy (Scales>1kpc) 

• Theia (Scales<1kpc) 


