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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be signiÞcantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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COLD, ATOMIC HI CLOUDS
The Astrophysical Journal Letters, 770:L4 (6pp), 2013 June 10 Mcclure-Griffiths et al.

(a) (b)

(c) (d)

Figure 1. H i images at (a) v = 161.5 km s−1, (b) v = 83.2 km s−1, (c) v = −121.2 km s−1, and v = −90.7 km s−1. The cataloged clouds whose central velocity lies
within 5 km s−1 of the shown velocity are circled.

Table 1
Compact Clouds Catalog

Name l b VLSR Peak Tb ! v NH max Mc r
(deg) (deg) (km s−1) (K) (km s−1) (×1019 cm−2) (M⊙) (pc)

G0.2+3.8+65 0.23 3.81 63.7 4.4 5.9 5.7 25 6.6
G0.2−1.6−170 0.27 −1.62 −169.6 4.9 17.5 17.6 2190 32.9
G0.3+2.8+195 0.30 2.84 200.8 1.4 28.6 9.7 220 12.2
G0.3+3.7−82 0.36 3.74 −74.3 3.7 13.7 11.1 706 22.4
G0.7+4.5+61 0.68 4.52 63.3 9.6 5.3 10.8 287 14.2

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form
and content.)

2.1. Cloud Kinematics

The location of the clouds, color-coded by their local standard
of rest (LSR) velocities, is shown in Figure 3(a). The clouds
clearly do not follow Galactic rotation. The velocity projection
of an object at l, b onto the LSR can be written as

VLSR =
!
R0 sin l

"
Vθ

R
− V⊙

R⊙

#
− VR cos (l + θ )

$

× cos b + Vz sin b, (1)

where θ is defined around the Galactic center in a clockwise
direction from the Sun–Galactic center line. The velocity terms
VR, Vθ , and Vz are the radial, azimuthal, and vertical velocities.
In circular Galactic rotation, VR and Vz are zero and the sin l
term produces a change in sign of VLSR across l = 0◦. The
absence of this signature in the cloud distribution suggests that
the kinematics of the clouds are not dominated by circular
Galactic rotation. Because the clouds are at high velocities and
do not show the signature of Galactic rotation, we assume that
the clouds are located at the Galactic center.
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A soufßŽ of cold, atomic gas clouds!
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SETTING BOUNDS
6 U. Maio et al.

Figure 4. Total cooling due to hydrogen, helium, metals, H2 and HD
molecules as function of temperature, for gas having a hydrogen number
density of 1 cm! 3 . The fraction of H2 and HD are fixed to 10! 5 and 10! 8 ,
respectively. The labels in the plot refer to different amount of metals, for
individual metal number fractions of 10! 3 (solid line), 10! 4 (long-dashed
line), 10! 5 (short-dashed line) and 10! 6 (dotted line).

for OI we will have a double phase of saturation: the first one at
! 105 cm! 3 involving the lower three states and the second one at
! 1011 cm! 3 involving the higher two states.

As an example, in Figure 3, we show the cooling functions
for a total number density 1 cm! 3 and for each metal species
10! 6 cm! 3 ; the ratio between free electrons and hydrogen is
chosen to be 10! 4 . With these values, the presence of electrons
can affect the results up to 10%with respect to the zero electron
fraction case. We also notice that all the metals contribute with
similar importance to the total cooling function and the main
difference in the cooling properties of the gas will depend on their
detailed chemical composition.

We also plot the cooling functions for all the temperature
regime we are interested in: at temperatures higher than 104 K , we
interpolate the Sutherland and Dopita tables (Sutherland & Dopita
1993), at lower temperatures, we include metals and molecules
as discussed previously. Figure 4 shows the cooling function for
different individual metal number fractions with abundances in
the range 10! 6 " 10! 3 and H2 and HD fractions of 10! 5 and
10! 8 , respectively. These values for H2 and HD are fairly typi-
cal for the IGM gas at the mean density (see also the conclusions
of Galli & Palla 1998, and references therein). In the temperature
range 104 K " 105 K , the double peak due to hydrogen and he-
lium collisional excitations is evident at low metallicity, while it is
washed out by the contribution of different metal ionization pro-
cesses as the metallicity increases. For example, complete colli-
sional ionization of carbon and oxygen produces the twin peak at
105 K , while complete ionization of iron is evident at about 107 K .
At temperatures lower than 104 K and metal fractions lower than
! 10! 6 , the dominant cooling is given by molecules; instead, for

Figure 5. Abundances as a function of redshift. The solid lines refer to the
abundance evolution in a flat cold dark matter universe with h = 0.67,
! 0m = 1, ! 0b = 0.037; the dotted lines refers to H2 and HD evolution
in a " CDM model with h = 0.73, ! 0m = 0.237, ! 0Λ = 0.763,
! 0b = 0.041.

larger metal fractions the effects of metals became dominant.
The general conclusion is that at very high redshift, when metals
are not present, only H2 and HD can be useful to cool the gas down
to some 102 K , while after the first stars explode, ejecting heavy
elements into the surrounding medium, metals quickly become the
most efficient coolants.

3 TESTS

In this section, we are going to test the implementation of HD and
metal cooling using different kind of simulations. In particular, we
focus on the analysis of abundance redshift evolution, cosmic struc-
ture formation and clusters.

3.1 Abundance redshift evolution

As a first test, we investigate the behavior of a plasma of primor-
dial chemical composition (i.e. with no metals) looking at the red-
shift evolution of the single abundances. Our goal is to reproduce
the results from Galli & Palla (1998), who calculate the redshift
evolution of a metal-free gas at the mean density by following
a detailed chemical network. For this reason, here, we perform
our non-equilibrium computations on isolated particles, includ-
ing the following chemical species: e! , H, H+ , He, He+ , He++ ,
H2 , H+

2 , H
! , D, D+ , HD, HeH+ and assuming a flat cosmology

with no dark energy content (matter density parameter Ω0m = 1 ),
baryon density parameter Ω0b = 0 .037, Hubble constant, in units
of 100km s! 1 Mpc! 1 , h = 0 .67 and initial gas temperature of
1000 K.

The evolution of the number fractions for the different
species is plotted in Figure 5; the electron abundance is given
from charge conservation of neutral plasma and is normally very

c⃝ 2007 RAS, MNRAS 000, 1–12

Observe that for Þxed!
metallicity and density, the !
cooling rate is monotonically!
decreasing with temperature!

 Use this upper limit to set!
conservative limits on DM !
heating by assuming all heating!
due to non-standard sources
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MODELLING GAS CLOUDS

DM øT radius ø⇢ Z/Z � grains UV CR øne ave. cooling
Model [K] [pc] [cm�3] [s�1] [cm�3] [erg cm�3s�1]

C1-22 22 8.2 0.29 1 no 0.1 1! 10�18 2.3 ! 10�4 1.9 ! 10�29

C2-22 22 8.2 0.29 0.1 no 1.9 ! 10�3 1.9 ! 10�19 9.7 ! 10�5 1.6 ! 10�30

C3-22 22 8.2 0.29 5 no 0.1 5! 10�18 5.6 ! 10�4 6.2 ! 10�28

C1-137 137 12.9 0.421 1 yes 1 5! 10�17 1 ! 10�3 3.4 ! 10�28

C2-137 137 12.9 0.421 0.1 yes 1 3! 10�18 5 ! 10�4 8.2 ! 10�29

C3-137 137 12.9 0.421 5 yes 1 1.9 ! 10�16 6.2 ! 10�3 6.1 ! 10�27

C1-198 198 12.3 1.57 1 yes 1 2.9 ! 10�16 1.2 ! 10�2 2.4 ! 10�26

C2-198 198 12.3 1.57 0.1 yes 1 1.1 ! 10�16 7.4 ! 10�3 8.2 ! 10�27

C3-198 198 12.3 1.57 5 yes 1 1.4 ! 10�15 4.5 ! 10�2 1.5 ! 10�25

Table I. Summary of the di↵erent gas cloud models simulated using CLOUDY, which match the
properties of clouds G1.4-1.8+87, G357.8-4.7-55 and G1.5+2.9+1.05 from [5]. The average temper-
ature ( øT), gas cloud radius, and density (ø⇢) are taken from McClure-Gri�ths while the metallicity
relative to solar metallicity ( Z/Z �), presence of dust grains in the simulation, ultraviolet (UV)
photon background ßux relative to the standard normalization described in the text, the cosmic
ray background ionization rate (CR), and the density proÞle parameter were parameters varied in
the code. The average electron density (øne) and average cooling (ave. cooling) rates are used for
setting bounds on dark matter.

Two of the two key quantities required for setting dark matter bounds are the electron
number density and the cooling rate. These are listed in the last two columns of Table 1
and presented in Figure 1. The three rows in Figure 1 correspond to the three gas clouds
modeled, listed from coldest to hottest from top to bottom. Columsn from left to right show
the equilibrium cooling rate (assuming only standard astrophysical sources), temperature,
and electron densities for the gas cloud models previously mentioned. Note that the x axis
shows the depth into the cloud from the illuminated surface rather than radius from the
center of the object. In each plot, the blue solid, yellow dashed, and yellow dotted lines
correspond to model C1, C2, and C3 (summarised in Table 1) respectively; these models
assume di↵erent gas cloud metallicities as indicated. In the density plots, the solid black
line indicated the uniform gas density. The other curves show the electron number density
of the corresponding cloud models.

As expected, models with higher metallicities provide more e�cient cooling channels and
therefore allow for a greater external energy input, whether it be from standard astrophysical
sources or dark matter, to maintain the temperature observed in [5]. Higher metallicity
clouds also result in higher electron number densities, because the metal species provide more
readily ionized electrons to the gas. When setting bounds using these systems it is important
to note that both the electron density and cooling rate are not derived independently, and
there are some uncertainties in both the metallicity, dust grain and molecular content as well
as the local UV radiation and cosmic ray background. Follow-up observations may allow
these to be constrained further and therefore provide improved dark matter bounds.

7
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ULTRA-LIGHT DARK PHOTON DM
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DM NUCLEON SCATTERING

Consider strongly interacting or heavy, composite dark matter!

For massive candidates, the ßux at Þxed radii from the galactic!
centre decreases and for strongly interacting models the !
natural overburden of terrestrial experiments limits detectability!

Our gas clouds are well suited to constrain these models due to!
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DM NUCLEON SCATTERING
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THE FIRST STARS AND GALAXIES
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PULLING STRINGS
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HALOS AND IMPORTANT 
UNCERTAINTIES

Halo Mass Profiles
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HEATING THE CGM
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SUPPRESSION OF GAS INFALL



ALL THE STRINGS

To arrive at a self-consistent description must include and !
propagate DM energy injection across cosmic history!

IGM heating and ionisation, as well as additional radiation Þeld!

Productions and dissociation of molecular hydrogen!

modiÞcation of stellar evolution!

potential formation of exotic objects like Dark Stars and !
direct collapse black holes



POTENTIAL AVENUES OF DETECTION  
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CONCLUSIONS

Astrophysical systems are well suited probes of non-gravitational!
Dark Matter interactions!

ModiÞcation of the galactic and IGM gasÕs thermo-chemical !
properties can be used to set bounds on these interactions!

Future observations from the Cosmic Dawn may provide DM!
signatures that are non-degenerate with the expected baryonic!
phenomenology!

The usual dark matter-baryon physics detangling caveats apply 

Thank You!


