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Early evidence for dark matter
Fritz Zwicky and the Coma Cluster Vera Rubin - Flat rotation curves
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Dark Matter or Modified Gravity?



The Bullet Cluster  D. Clowe et al.



Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base �CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base �CDM Planck+WP+highL model, which is fitted to the TT data only.
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CMB TT power spectrum

14 L. Anderson et al.

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

⇥
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥Bm(k/�), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter � as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2hMpc�1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
�

n

W (ki, kn)P (kn)m �W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB � 1)e�k2�2
nl/2 + 1, (34)

where the damping scale ⇥nl is a fitted parameter. We assume
a Gaussian prior on ⇥nl with width ±2h�1 Mpc, centred on
8.24h�1 Mpc for pre-reconstruction fits and 4.47h�1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33
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Dark Matter: Is it light and weakly interacting?


DAMA, CoGeNT, CRESST, and CDMS think so.


LUX, Xenon, etc do not. 

If the dark matter is light, we could search for it 


through indirect means:

2.  Dwarf galaxies are dark matter dominated: High M/L


    Probing dark matter through radio observations.

1.  The CMB is well understood. Experiments are sensitive.         


    We can use the CMB anisotropies to study dark matter.

3.  The redshifted neutral 21cm observations are sensitive to   


    the IGM - and hence to WIMP dark matter annihilation.



Why consider WIMPs ?

  1.  They were suggested to solve problems in particle   


     physics unrelated to dark matter.

2.  They predict the correct relic density independent of mass.
3.  Presence of weak interactions allows us to make observable 


    predictions.

T. Han, Z. Liu, A.N.; JHEP 2013

0.73 pb.c



“Join the dark side”

Dark matter detection 
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timing that are transformed so that the WIMP accep-
tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7⇥, 4.9⇥, and 5.1⇥, while the charge threshold
had been set at 4.5⇥ from the noise. A study on pos-
sible leakage into the signal band due to 206Pb recoils
from 210Po decays found the expected leakage to be neg-
ligible with an upper limit of < 0.08 events at the 90%
confidence level. The energy distribution of the 206Pb
background was constructed using events in which a co-
incident � was detected in a detector adjacent to one
of the 8 Si detectors used in this analysis. Further-
more, as in the Ge analysis, we developed a Bayesian
estimate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[22]. Classical confidence intervals provided similar esti-
mates [23]. Multiple-scatter events below the electron-
recoil ionization-yield region from both 133Ba calibration
andWIMP-search data were used as inputs to this model.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [24]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [25], and the Helm form factor [26]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e�ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our

FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the ex-
posure analyzed in this work alone (black dots), and combined
with the CDMS II Si data set reported in [22] (blue solid line).
Also shown are limits from the CDMS II Ge standard [11] and
low-threshold [27] analysis (dark and light dashed red), EDEL-
WEISS low-threshold [28] (orange diamonds), XENON10 S2-
only [29] (light dash-dotted green), and XENON100 [30] (dark
dash-dotted green). The filled regions identify possible signal
regions associated with data from CoGeNT [31] (magenta,
90% C.L., as interpreted by Kelso et al. including the e�ect
of a residual surface event contamination described in [32]),
DAMA/LIBRA [16, 33] (yellow, 99.7% C.L.), and CRESST
[18] (brown, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
blue and cyan, respectively. The asterisk shows the maxi-
mum likelihood point at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis in
which the background rates were treated as nuisance pa-
rameters and the WIMP mass and cross section were
the parameters of interest. The highest likelihood is
found for a WIMP mass of 8.6 GeV/c2 and a WIMP-
nucleon cross section of 1.9⇥10�41 cm2. The goodness-
of-fit test of this WIMP+background hypothesis results
in a p-value of 68%, while the background-only hypoth-
esis fits the data with a p-value of 4.5%. A profile like-
lihood ratio test including the event energies finds that
the data favor the WIMP+background hypothesis over
our background-only hypothesis with a p-value of 0.19%.
Though this result favors a WIMP interpretation over
the known-background-only hypothesis, we do not be-
lieve this result rises to the level of a discovery.

CDMS 2013

Direct detection experiments     
Theorist:	


“10 GeV 	



dark matter” 	

LHCb!	



CMS!	


ATLAS!

LUX!	



Bs decay branching ratio


No sign of CP-odd Higgs


LUX sees no sign of DM

A healthy field :)


Theory has to pass the expt. tests 



Direct Detection Expts: mass 8-15 GeV
Indirect detection experiments can test this!
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I.  Using the CMB to probe dark matter.
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DM annihilation to standard model particles



TT damped on small scales


EE boosted on large scales

no DM
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Degeneracies with other CMB parameters.

Red: no DM


Blue: with DM

Too much power 


on scales l < 100.Looks good



on scales l > 300.

BUT

Let’s increase As
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CMB Data & Variables: MCMC with MontePython

Cosmological:

Particle:
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Nuisance:  A_tSZ, A_kSZ, A_PS(100), A_PS(143), 


             A_PS(217), A_CIB(143), A_CIB(217)  [Planck]


             + A_SZ,  A_CIB_cl, A_CIB_ps  [SPT]

Data:
   Planck (for TT)


+ WMAP (for TT, EE and TE)


+  SPT (high ell TT)


+  ACT (high ell TT)

                                 A.N. et al., in prep.
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ns:                 0.961 \pm 0.006              0.966 \pm 0.007


\tau:              0.090 \pm 0.01               0.089 \pm 0.01



Planck + WMAP + SPT + ACT no DM annihilation

with DM annihilation

                                 A.N. et al., in prep.
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Bounds on the WIMP mass (95% CL):

Planck + WMAP + SPT + ACT m > 19.7 GeV

Planck + WMAP + SPT m > 23.0 GeV
Planck + WMAP + ACT m > 17.4 GeV

for fabs = 1.0                                  A.N.  PRD 2012


                                  A.N. et al., in prep.



With simulated Planck Polarization data:

10 GeV

LCDM

m > 65 GeV at 95% CL !
82 μK sqrt(s); 30 months, 7 arcminutes.
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for fabs = 1.0

Planck EE data available in summer 2014 ??
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FIG. 2: RFI scans for the GBT Prime Focus Receiver band 650 MHz - 920 MHz, and the Gregorian Receiver
in the L-band (1.15 GHz - 1.73 GHz). We will collect data in the RFI quiet regions 700 MHz - 850 MHz
and 1.3 GHz - 1.5 GHz.

D. Observations of dwarf galaxies with the Green Bank Telescope

The Robert C. Byrd Green Bank Telescope (GBT) is the largest fully steerable radio telescope
in the world and is located in the National Radio Quiet Zone in Green Bank, W. Virginia. The
GBT has an unblocked aperture of 100m, and is sensitive to frequencies 290 MHz - 100 GHz [43].
The receiver mounts are of 2 types: The Prime Focus receiver which collects data in the range 290
MHz - 920 MHz in 4 frequency bands and (ii) Gregorian receivers sensitive to frequencies > 1.15
GHz [43]. It is advantageous to collect data at frequencies that satisfy the following criteria:

• Large predicted synchrotron flux from dark matter annihilation.

• Low system temperature.

• Absence of strong Radio Frequency Interference (RFI).

• Ability to subtract point sources using external catalogs.

The RFI scans for the GBT in 2 di�erent frequency bands are shown in Figure 2. RFI-quiet
regions exist between 700 MHz and 850 MHz, and between 1.3 GHz and 1.5 GHz. We will observe
in these frequency windows. The thermal noise floor is computed from the radiometer equation:

S =
Tsys

�
⇤

BW � T
, (7)

where Tsys ⇥ 25 K is the system noise temperature for the GBT at the relevant frequencies, � ⇥ 0.7
is the aperture e⇥ciency, BW is the usable bandwidth, and T is the duration of observation. For
typical values BW ⇥ 100 MHz and T ⇥ 1 hour, the thermal noise floor S ⇥ 0.06 mK. From Figure
1, we see that the expected values of brightness temperature are between 0.01 - few mK depending
on the astrophysical and particle parameters. In practice, the noise threshold is set not by the
thermal limit, but rather by mapping errors, and confusion noise from unresolved point sources.

Deep Radio Observations of Nearby dSphs 7

Fig. 4.— Comparison of the inner 2◦ × 2◦ of the Draco field
from a) our GBT observations and b) the NVSS, convolved to the
GBT resolution. The horizontal line in the bottom-left corner of a)
shows an angular scale of 0.5◦. In both panels, the linear intensity
scale ranges from -10 to 250 mJy/beam and the cross denotes the
stellar centroid of Draco (Table 1).
(A color version of this figure is available in the online journal.)

TABLE 3
Noise Properties of the GBT maps

Field σusub σsub σmap σast DR
(mJy/bm) (mJy/bm) (mJy/bm) (mJy/bm)

(1) (2) (3) (4) (5) (6)

Draco 33 6.6 3.4 5.7 88
UMaII 50 6.3 5.1 3.7 142
Coma 34 3.6 1.3 3.3 87
Will1 14 2.3 1.5 1.8 37

Note. — Col. 1: Field name. Col. 2: standard deviation of
pixels in unsubtracted map. Col. 3: standard deviation of pixels in
subtracted map. Col. 4: estimated contribution to σsub in col. 3
from mapping uncertainties, or the standard deviation of the pixels
in the difference map in Fig. 3i-3l. Col. 5: estimated contribution
to σsub from astrophysical sources: σ2

ast = σ2
sub − σ2

map. Col. 6:
Dynamic range: ratio of peak brightness in unsubtracted map and
σsub.

ties are given in Table 4. The detected variable source
density is in reasonable agreement with the results of
de Vries et al. (2004), who use a similar catalog and ap-
proach to find 1 variable source per square degree over
120.2 deg2 of high-latitude sky on a 7-year baseline: 4/7
of our variable sources have a fractional variability be-
low 50% (col. 5 of Table 4), while de Vries et al. (2004)
report (73± 4)%.
We therefore conclude that on timescales of years, the

Fig. 5.— Discrete-source subtracted Stokes I maps of a) Draco,
b) UMaII, c) Coma, d) Will1. The linear intensity scale ranges
from -10 to 25 mJy/beam: note that this upper limit is a factor of
10 smaller than that in Fig. 3a-3d. The horizontal line in the lower
left corner of each panel is 0.5◦ in length, and the cross denotes
the optical centroid of each dSph (Table 1).
(A color version of this figure is available in the online journal.)

Radio quiet zone in WV.


Single Dish.


100m fully steerable telescope.


300 MHz - 100 GHz.

Low RFI at 1.4 GHz


NVSS catalog can be used to 
subtract point sources.



Green Bank Telescope



1

⌃⌃

bb̄

⇧+⇧�

W+W�

· · ·

e+e�, p, p̄, d, d̄, ⇥, ⇥̄, �

⇥ = h�avi
m�

⇤2⇤

⌥⌅
a

v� = 0.73 pb ⇥ c

⇤⇤0 = [⇤⇤/s] s0

f
sky

⌅ 70 %

n
bol

= 8

�T = 82 µK
 
s

Cl ⇤ A
s

(k/k
pivot

)ns e�2⇥

dE/dt ⌃ ⌥⌅
a

v�/m⇤

m⇤ = 10 GeV

⌃⌃⇧ bb̄

Equilibrium

⌥⌅
a

v� = 3⇥ 10�26 cm3/s

A
s

⌃ ⌅2

8

{m⇤, As

, n
s

, h,⇤
b

h2,⇤⇤h2}

Freeze out: n⇤⌥⌅a

v� <⇤ H

⌥⌅
a

v� ⌅ 1 pb ⇥ c

m⇤ = 10 GeV

n⇤/s �⇧ 3.85⇥ 10�11

s(today) ⌅ 2890 cm�3

⇤⇤ = (n⇤/s)
0

s
0

m⇤ / ⇤
crit

⇤⇤h2 = 0.106

1

⌃⌃

bb̄

⇧+⇧�

W+W�

· · ·

e+e�, p, p̄, d, d̄, ⇥, ⇥̄, �

⇥ = h�avi
m�

⇤2⇤

⌥⌅
a

v� = 0.73 pb ⇥ c

⇤⇤0 = [⇤⇤/s] s0

f
sky

⌅ 70 %

n
bol

= 8

�T = 82 µK
 
s

Cl ⇤ A
s

(k/k
pivot

)ns e�2⇥

dE/dt ⌃ ⌥⌅
a

v�/m⇤

m⇤ = 10 GeV

⌃⌃⇧ bb̄

Equilibrium

⌥⌅
a

v� = 3⇥ 10�26 cm3/s

A
s

⌃ ⌅2

8

{m⇤, As

, n
s

, h,⇤
b

h2,⇤⇤h2}

Freeze out: n⇤⌥⌅a

v� <⇤ H

⌥⌅
a

v� ⌅ 1 pb ⇥ c

m⇤ = 10 GeV

n⇤/s �⇧ 3.85⇥ 10�11

s(today) ⌅ 2890 cm�3

⇤⇤ = (n⇤/s)
0

s
0

m⇤ / ⇤
crit

⇤⇤h2 = 0.106

1

⌃⌃

bb̄

⇧+⇧�

W+W�

· · ·

e+e�, p, p̄, d, d̄, ⇥, ⇥̄, �

⇥ = h�avi
m�

⇤2⇤

⌥⌅
a

v� = 0.73 pb ⇥ c

⇤⇤0 = [⇤⇤/s] s0

f
sky

⌅ 70 %

n
bol

= 8

�T = 82 µK
 
s

Cl ⇤ A
s

(k/k
pivot

)ns e�2⇥

dE/dt ⌃ ⌥⌅
a

v�/m⇤

m⇤ = 10 GeV

⌃⌃⇧ bb̄

Equilibrium

⌥⌅
a

v� = 3⇥ 10�26 cm3/s

A
s

⌃ ⌅2

8

{m⇤, As

, n
s

, h,⇤
b

h2,⇤⇤h2}

Freeze out: n⇤⌥⌅a

v� <⇤ H

⌥⌅
a

v� ⌅ 1 pb ⇥ c

m⇤ = 10 GeV

n⇤/s �⇧ 3.85⇥ 10�11

s(today) ⌅ 2890 cm�3

⇤⇤ = (n⇤/s)
0

s
0

m⇤ / ⇤
crit

⇤⇤h2 = 0.106

1

⌃⌃

bb̄

⇧+⇧�

W+W�

· · ·

e+e�, p, p̄, d, d̄, ⇥, ⇥̄, �

⇥ = h�avi
m�

⇤2⇤

⌥⌅
a

v� = 0.73 pb ⇥ c

⇤⇤0 = [⇤⇤/s] s0

f
sky

⌅ 70 %

n
bol

= 8

�T = 82 µK
 
s

Cl ⇤ A
s

(k/k
pivot

)ns e�2⇥

dE/dt ⌃ ⌥⌅
a

v�/m⇤

m⇤ = 10 GeV

⌃⌃⇧ bb̄

Equilibrium

⌥⌅
a

v� = 3⇥ 10�26 cm3/s

A
s

⌃ ⌅2

8

{m⇤, As

, n
s

, h,⇤
b

h2,⇤⇤h2}

Freeze out: n⇤⌥⌅a

v� <⇤ H

⌥⌅
a

v� ⌅ 1 pb ⇥ c

m⇤ = 10 GeV

n⇤/s �⇧ 3.85⇥ 10�11

s(today) ⌅ 2890 cm�3

⇤⇤ = (n⇤/s)
0

s
0

m⇤ / ⇤
crit

⇤⇤h2 = 0.106

1

⌃⌃

bb̄

⇧+⇧�

W+W�

· · ·

e+e�, p, p̄, d, d̄, ⇥, ⇥̄, �

⇥ = h�avi
m�

⇤2⇤

⌥⌅
a

v� = 0.73 pb ⇥ c

⇤⇤0 = [⇤⇤/s] s0

f
sky

⌅ 70 %

n
bol

= 8

�T = 82 µK
 
s

Cl ⇤ A
s

(k/k
pivot

)ns e�2⇥

dE/dt ⌃ ⌥⌅
a

v�/m⇤

m⇤ = 10 GeV

⌃⌃⇧ bb̄

Equilibrium

⌥⌅
a

v� = 3⇥ 10�26 cm3/s

A
s

⌃ ⌅2

8

{m⇤, As

, n
s

, h,⇤
b

h2,⇤⇤h2}

Freeze out: n⇤⌥⌅a

v� <⇤ H

⌥⌅
a

v� ⌅ 1 pb ⇥ c

m⇤ = 10 GeV

n⇤/s �⇧ 3.85⇥ 10�11

s(today) ⌅ 2890 cm�3

⇤⇤ = (n⇤/s)
0

s
0

m⇤ / ⇤
crit

⇤⇤h2 = 0.106

1

⌃⌃

bb̄

⇧+⇧�

W+W�

· · ·

e+e�, pp̄, dd̄, ⇥⇥̄, �

⇥ = h�avi
m�

⇤2⇤

⌥⌅
a

v� = 0.73 pb ⇥ c

⇤⇤0 = [⇤⇤/s] s0

f
sky

⌅ 70 %

n
bol

= 8

�T = 82 µK
 
s

Cl ⇤ A
s

(k/k
pivot

)ns e�2⇥

dE/dt ⌃ ⌥⌅
a

v�/m⇤

m⇤ = 10 GeV

⌃⌃⇧ bb̄

Equilibrium

⌥⌅
a

v� = 3⇥ 10�26 cm3/s

A
s

⌃ ⌅2

8

{m⇤, As

, n
s

, h,⇤
b

h2,⇤⇤h2}

Freeze out: n⇤⌥⌅a

v� <⇤ H

⌥⌅
a

v� ⌅ 1 pb ⇥ c

m⇤ = 10 GeV

n⇤/s �⇧ 3.85⇥ 10�11

s(today) ⌅ 2890 cm�3

⇤⇤ = (n⇤/s)
0

s
0

m⇤ / ⇤
crit

⇤⇤h2 = 0.106

Charged particles moving in a magnetic field


emit synchrotron radiation.

II.      DM constraints from GBT observations 1

⇥ = h�avi
m�

�2⇤

⌥⇥
a

v� = 0.73 pb ⇥ c

�⇤0 = [�⇤/s] s0

f
sky

⌅ 70 %

n
bol

= 8

�T = 82 µK
 
s

Cl ⇤ A
s

(k/k
pivot

)ns e�2⇥

dE/dt ⌃ ⌥⇥
a

v�/m⇤

m⇤ = 10 GeV

⇤⇤⇧ bb̄

Equilibrium

⌥⇥
a

v� = 3⇥ 10�26 cm3/s

A
s

⌃ ⇥2

8

{m⇤, As

, n
s

, h,⇤
b

h2,⇤⇤h2}

Freeze out: n⇤⌥⇥a

v� <⇤ H

⌥⇥
a

v� ⌅ 1 pb ⇥ c

m⇤ = 10 GeV

n⇤/s �⇧ 3.85⇥ 10�11

s(today) ⌅ 2890 cm�3

⇤⇤ = (n⇤/s)
0

s
0

m⇤ / �
crit

⇤⇤h2 = 0.106



 The Milky Way and the 20 dwarfs

LETTERS

A common mass scale for satellite galaxies of the
Milky Way
Louis E. Strigari1, James S. Bullock1, Manoj Kaplinghat1, Joshua D. Simon2, Marla Geha3, Beth Willman4

& Matthew G. Walker5

The Milky Way has at least twenty-three known satellite galaxies
that shine with luminosities ranging from about a thousand to a
billion times that of the Sun. Half of these galaxies were discov-
ered1,2 in the past few years in the Sloan Digital Sky Survey, and
they are among the least luminous galaxies in the knownUniverse.
A determination of the mass of these galaxies provides a test of
galaxy formation at the smallest scales3,4 and probes the nature of
the dark matter that dominates the mass density of the Universe5.
Here we use new measurements of the velocities of the stars in
these galaxies6,7 to show that they are consistent with them having
a common mass of about 107M[ within their central 300 parsecs.
This result demonstrates that the faintest of the Milky Way satel-
lites are the most dark-matter-dominated galaxies known, and
could be a hint of a new scale in galaxy formation or a character-
istic scale for the clustering of dark matter.

Many independent lines of evidence strongly argue for the pres-
ence of darkmatter in galaxies, in clusters of galaxies, and throughout
the observable Universe5. Its identity, however, remains a mystery.
The gravity of dark matter overwhelms that of the normal atoms and
molecules and hence governs the formation and evolution of galaxies
and large-scale structure8–10. In the currently favouredmodels of dark
matter, structure in the Universe forms hierarchically, with smaller
gravitationally bound clumps of dark matter—haloes—merging to
form progressively larger objects.

The mass of the smallest dark matter halo is determined by the
particle properties of dark matter. Dark matter candidates character-
ized as cold dark matter can form haloes that are many orders of
magnitude smaller than the least luminous haloes that we infer from
observations. Cosmological simulations of cold dark matter predict
that galaxies like theMilkyWay should be teeming with thousands of
dark matter haloes with masses ,106M[, with a steadily increasing
number as we go to the smallest masses11–14. A large class of dark
matter candidates characterized as ‘warm’ would predict fewer of
these small haloes15. However, even for cold dark matter it is uncer-
tain what fraction of the small dark matter haloes should host visible
galaxies, as the ability of gas to cool and form stars in small dark
matter haloes depends on a variety of poorly understood physical
processes16–20.

The smallest known galaxies hosted by their own dark matter
haloes are the dwarf spheroidal satellites of the Milky Way3,4. These
objects have very little gas and no signs of recent star formation. The
least luminous galaxies were recently discovered in the Sloan Digital
Sky Survey (SDSS)1,2 and follow-up observations have revealed them
to be strongly dominated by dark matter6,21,22.

We have compiled line-of-sight velocity measurements of indi-
vidual stars in 18 of the 23 known dwarf galaxies in the Milky

Way6,7.We use thesemeasurements to determine the dynamical mass
of their dark matter haloes using a maximum likelihood analysis23.
The dynamical mass is best constrained within the stellar extent,
which corresponds to an average radius of ,0.3 kiloparsecs (kpc)
for all the satellites. We determine this mass, M0.3, by marginalizing
over a five-parameter density profile for dark matter that allows for
both steep density cusps and flat cores in the central regions. It is
important to note that the observed velocity dispersion of stars is
determined by both the dynamical mass and the average anisotropy
of the velocity dispersion (that is, difference between tangential and
radial dispersion). The anisotropy is unknown and hence wemargin-
alize over a three-parameter anisotropy function for stellar velocity
that allows us to explore a range of orbital models for the stars23.

Figure 1 shows the resulting determination ofM0.3.We find that all
18 dwarf galaxies are consistent with having a dynamical mass of 107

solar masses within 0.3 kpc of their centres, despite the fact that they
have luminosity differences over four orders of magnitude. This
result implies a central density for dark matter of ,0.1M[ pc23 in
these galaxies. Earlier studies suggested that the highest luminosity
dwarf galaxies all shared a common mass4,24. With larger stellar data
sets, more than double the number of dwarf galaxies, and more
detailed mass modelling, our results confirm this suggestion and
conclusively establish that the dwarf galaxies of the Milky Way share
a common mass scale.

1Center for Cosmology, Department of Physics and Astronomy, University of California, Irvine, California 92697-4574, USA. 2Department of Astronomy, California Institute of
Technology, 1200 East California Boulevard, MS105-24, Pasadena, California 91125, USA. 3Department of Astronomy, Yale University, PO Box 208101, New Haven, Connecticut
06520-8101, USA. 4Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA. 5Institute of Astronomy, University of Cambridge,
Madingley Road, Cambridge CB3 0HA, UK.

106

103

W1
Com Her

Leo T

Leo IV

Uma II Uma I
CV II

CV I

Sex

Umi

Car
Fnx

Leo I
Scl

Leo II

Dra

Seg

104 105 106 107

107

108
M

as
s 

w
ith

in
 3

00
 p

c 
(M

 . 
)

Luminosity (L . )

Figure 1 | The integratedmass of theMilkyWaydwarf satellites, in units of
solar masses, within their inner 0.3 kpc as a function of their total
luminosity, in units of solar luminosities. The circle (red) points on the left
refer to the newly discovered SDSS satellites, whereas the square (blue)
points refer to the classical dwarf satellites discovered pre-SDSS. The error
bars reflect the points where the likelihood function falls off to 60.6% of its
peak value.
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1.  About 2 dozen nearby dwarf galaxies.


2. Dark matter dominated


           --> Lots of WIMP annihilations.


           --> No astrophysical backgrounds to worry about.



DM annihilation in a magnetic field
Colafrancesco, Profumo, Ullio ’07

2

II. PROPOSED RESEARCH PROGRAM

We propose to study the properties of WIMP dark matter by (i) Performing radio observations of
a carefully chosen set of nearby dwarf galaxies using the Green Bank Telescope, and (ii) Performing
a maximum likelihood analysis of publicly available CMB observations by WMAP and SPT at
multiple frequencies, and future data releases from the Planck, ACTPol, and SPTPol experiments.

A. Theoretical modeling of dwarf galaxies

Dwarf galaxies are among the most dark matter dominated systems known (for a review, see
[22]). They have little gas, and no signs of ongoing star formation. Unlike the Galactic center,
dwarf galaxies do not have significant sources of radio emission. The high Mass/Light ratio together
with the low astrophysical background makes optically faint dwarf galaxies excellent targets for
indirect dark matter detection, for e.g. with gamma rays [2, 3, 23, 24] or X-rays [4].

If dark matter is made up of WIMPs, they annihilate at a rate ⇤⌅av⌅ ⇥ 1 picobarn �c pro-
ducing standard model particles such as electrons/positrons, photons, and neutrinos. The number
of WIMP annihilations per unit time and per unit volume is proportional to the square of the
dark matter density. The electrons and positrons produced are highly relativistic. These charged
particles accelerated through the magnetic field of the dwarf galaxy emit synchrotron radiation.
Thus, one may search for dark matter by observing the synchrotron radiation coming from the
direction of dark matter dominated dwarf galaxies.

Line of sight velocities are widely used to determine the properties of the dark matter halos of
dwarf galaxies [25–27]. For a relaxed system, one may obtain the velocity dispersion of the stellar
component along the line of sight by solving the Jeans equation. The stellar distributions are well
fit by either Plummer or King profiles. The dark matter profile may be modeled by a power law:

⇤DM(r) =
⇤s

(r/rs)� (1 + r/rs)⇥
(1)

The choice � = 1, ⇥ = 2 gives the well known Navarro-Frenk-White profile [28], while the choice
� = 0, ⇥ = 2 gives the cored-isothermal profile. Stellar radial velocities of the nearby dwarf galaxies
are su⇥ciently well measured to allow modeling of their dark matter halo.

As mentioned earlier, relativistic charged particles moving in a magnetic field emit synchrotron
radiation. However, the transport of electrons and positrons is complicated due to di�usion and
energy loss processes. In equilibrium, the energy spectrum of electrons/positrons is obtained by
solving the di�usion equation [6, 7]:

D(E)⇧2⌃(r, E) +
⌥

⌥E
[b(E)⌃(r, E)] + Q(r, E) = 0, (2)

where ⌃(r, E) = dn/dE is the number of electrons/positrons per unit volume per unit energy, and

D(E) = D0

�
E

GeV

⇥⇤

. (3)

D0 is called the di�usion coe⇥cient. b(E) represents energy loss due to synchrotron radiation and
inverse Compton scattering:

b(E) =
1 GeV

⇧e

�
E

GeV

⇥2

, (4)
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direction of dark matter dominated dwarf galaxies.

Line of sight velocities are widely used to determine the properties of the dark matter halos of
dwarf galaxies [25–27]. For a relaxed system, one may obtain the velocity dispersion of the stellar
component along the line of sight by solving the Jeans equation. The stellar distributions are well
fit by either Plummer or King profiles. The dark matter profile may be modeled by a power law:

⇤DM(r) =
⇤s

(r/rs)� (1 + r/rs)⇥
(1)

The choice � = 1, ⇥ = 2 gives the well known Navarro-Frenk-White profile [28], while the choice
� = 0, ⇥ = 2 gives the cored-isothermal profile. Stellar radial velocities of the nearby dwarf galaxies
are su⇥ciently well measured to allow modeling of their dark matter halo.

As mentioned earlier, relativistic charged particles moving in a magnetic field emit synchrotron
radiation. However, the transport of electrons and positrons is complicated due to di�usion and
energy loss processes. In equilibrium, the energy spectrum of electrons/positrons is obtained by
solving the di�usion equation [6, 7]:

D(E)⇧2⌃(r, E) +
⌥

⌥E
[b(E)⌃(r, E)] + Q(r, E) = 0, (2)

where ⌃(r, E) = dn/dE is the number of electrons/positrons per unit volume per unit energy, and

D(E) = D0

�
E

GeV

⇥⇤

. (3)

D0 is called the di�usion coe⇥cient. b(E) represents energy loss due to synchrotron radiation and
inverse Compton scattering:

b(E) =
1 GeV

⇧e

�
E

GeV

⇥2

, (4)

Diffusion Energy loss Source

Complications:


!
• Unlike gamma rays, charged particles don’t point back to the source.


!
•  Transport of e± is complicated due to diffusion and energy loss  
(synchrotron and IC losses).


!
 What is the magnetic field?  How important is diffusion?


 What are the energy losses?


!



Magnetic field in dwarf galaxies:

• No measurements of B for the ultra faint dwarfs.


!

• But has been measured in the local group dwarf 
irregulars:  Chyzy et al. 2011


!

    B = 2.8 ± 0.7 μG for IC 1613 


    B = 4.0 ± 1.0 μG for NGC 6822


    B = 3.2 ± 1.0 μG for the SMC


!
!

      We will assume B ∼ 1 μG in dwarf galaxies.


  





Diffusion in dwarf galaxies:

•  well studied only for the Milky Way!


   B/C ratio affects propagation of cosmic rays.

D0 = 0.01 kpc2 / Myr for the MW galaxy.



•  D0 for dwarf galaxies = 0.1 MW value 


    or maybe 1.0 x MW value (pessimistic)



Jeltema & Profumo 2008

Donato et al. 2004



•  For clusters, peaked iron abundance profiles give


      D0 = 0.3 kpc2 / Myr       Rebusco et al 2005, 2006



 > 2 orders of magnitude more than the MW.


!



Energy loss in dwarf galaxies:

Mostly neutral gas!





Deep radio observations of nearby dSphs. 
Spekkens et al., ApJ 2013
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Fig. 3.— GBT data products. Each column corresponds to a distinct field that is labeled in the top row. All panels span 4◦ × 4◦: the
horizontal line in the bottom-right corner of a) shows an angular scale of 1◦, and applies to all panels. The borders around the Coma
and Will1 fields in the third and fourth columns are blanks around these smaller maps (see Table 2) . Top row: Baseline-subtracted,
NVSS-calibrated “unsubtracted” Stokes I maps of a) Draco, b) UMaII, c) Coma, d) Will1. The linear intensity scale ranges from -10
to 250 mJy/beam. Middle row: Weight maps for the Stokes I maps in the row above. The linear colorscale ranges from 0 (black) to 1
(white). Bottom row: Difference map, created by jacknifing the data, with the largest standard deviation for each field: i), j), k) PA, and
l) elevation. The linear intensity scale ranges from -10 to 25 mJy/beam.
(A color version of this figure is available in the online journal.)

TABLE 2
Observation and Map Properties

Field Observing Dates Integ.Time Map Centre Dimensions Resolution
(1) (2) (3) (4) (5) (6)

Draco (GBT) 2007 October – Decembera 14.8 h 17h20m, 57◦55′ 4◦ × 4◦ 9.12′ × 9.12′

UMaII (GBT) 2009 February – Marchb 18.8 h 8h52m, 63◦08′ 4◦ × 4◦ 9.12′ × 9.12′

Coma (GBT) 2009 February – March 8.6 h 12h27m, 23◦54′ 2◦.5× 2◦.5 9.12′ × 9.12′

Will1 (GBT) 2009 Februaryc 1.8 h 10h49m, 51◦03′ 1◦.5× 1◦.5 9.12′ × 9.12′

Draco (VLA) 2007 November 4 5.4 h 17h18m, 57◦53′ 3◦ × 4◦ 6.8′′ × 5.3′′

Note. — Col. 1: Field name. Instrument used to obtain the observations described in remaining columns
is given in parentheses. Col. 2: Dates when majority of data were acquired. Col. 3: Total integration time
for field. Col. 4: Map centre. Col. 5: Final map dimensions. Col. 6: Angular resolution of final map.
a 81% of data acquired during 2007 October – December; 19% acquired during make-up sessions in 2009
and 2010.
b 91% of data acquired during 2009 February – March; 9% acquired during make-up sessions in 2010 June.
c 74% of data acquired during 2009 February; 26% acquired during make-up sessions in 2010 June.
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(a) 10 GeV � e+e�, D0 = 10�3 kpc2/Myr (b) 10 GeV � e+e�, D0 = 10�2 kpc2/Myr

(c) 100 GeV � bb̄, D0 = 10�3 kpc2/Myr (d) 100 GeV � bb̄, D0 = 10�2 kpc2/Myr

Excluded (2�)

1

FIG. 8: 2� exclusion curves in the ⇤�av⌅ - B plane. We consider the 2 values D0 = 10�3, 10�2 kpc2/Myr, which correspond to
approximately, 0.1, 1.0� the median Milky Way value [51]. The upper 2 panels are for a 10 GeV WIMP annihilating to e+e�,
while the lower panels show a 100 GeV WIMP annihilating to bb̄. The shaded region indicates the uncertainty in the halo
parameters (see Fig. 5). The solid black curve is plotted for the best fit halo parameters derived from stellar kinematics. The
dashed blue line shows the thermal rate ⇤�av⌅0. For the e+e� annihilation channel, we can constrain light WIMP annihilation
with a thermal cross section for realistic values of the magnetic field strength B ⇥ 1 µG. The bb̄ channel can be probed only
for large cross sections or large magnetic fields.

cause it is indistinguishable from the much larger Galac-
tic foreground. The baseline drifts pi have a characteris-
tic scale on the order of the map size which filters out at
least some contribution from dark matter annihilation.
In the limit of constant emission across the field, we lose
all flux from dark matter annihilation. Conversely, we
are fully sensitive to point sources.
Once the loss of flux due to linear baselining has been

accounted for, we may compare our dark matter mod-
els with the observations from Paper I [41] using the ⇥2

statistic defined as:

⇥2 =
�

i

[O(�i)� I(�i)] C�1 [O(�i)� I(�i)]T , (21)

where O(�i) denotes the observations at angles �i, C is

the covariance matrix, and I has been corrected for flux
loss. The likelihood function L is constructed from ⇥2:

� 2 lnL = ⇥2 + constant. (22)

Fig. 7 (a) and (b) show the e�ect of the linear baselining
procedure for 2 cases: (i) a 10 GeV WIMP annihilating
to e+e�, and a 200 GeV WIMP annihilating to bb̄, with
D0 = 10�3 kpc2/Myr, and B = 1 µG. In the first case,
we see that the baselining procedure is only a minor cor-
rection to the predicted flux. This is due to the rapid fall
o� of flux with observing angle. On the other hand, it
is much harder to observe 200 GeV WIMPs annihilating
to bb̄ owing to the slow variation of flux which in turn is
due to the much broader energy spectrum from WIMP
annihilation. At � = 0.5⇥, the baseline corrected flux is

DM constraints:   B and <σv>

                                 A.N. et al., PRD 2013

Density Profile from


L. Strigari et al.


M. Walker et al.

 B < 0.6 µG (95%) 



Radio observations at 1.4 GHz set 


constraints on light DM --> leptons.

• for the e+e-  channel, we exclude 10 GeV annihilating


   at the thermal rate at 95% C.L. if B > 0.6 µG. Better results can 


   be obtained with GBT + array such as GMRT or VLA.

• We have requested 150 hours observation time to map all the 
dwarf galaxies in the local group.



   Already obtained 70 hours observation time: Completed mapping


   Segue-I and Ursa Minor.

!
    What is the magnetic field in the ultrafaint dwarfs?



III.  The redshifted 21cm line of neutral HydrogenRep. Prog. Phys. 75 (2012) 086901 J R Pritchard and A Loeb

Figure 1. The 21 cm cosmic hydrogen signal. (a) Time evolution of fluctuations in the 21 cm brightness from just before the first stars
formed through to the end of the reionization epoch. This evolution is pieced together from redshift slices through a simulated cosmic
volume [1]. Coloration indicates the strength of the 21 cm brightness as it evolves through two absorption phases (purple and blue),
separated by a period (black) where the excitation temperature of the 21 cm hydrogen transition decouples from the temperature of the
hydrogen gas, before it transitions to emission (red) and finally disappears (black) owing to the ionization of the hydrogen gas. (b) Expected
evolution of the sky-averaged 21 cm brightness from the ‘Dark Ages’ at redshift 200 to the end of reionization, sometime before redshift 6
(solid curve indicates the signal; dashed curve indicates Tb = 0). The frequency structure within this redshift range is driven by several
physical processes, including the formation of the first galaxies and the heating and ionization of the hydrogen gas. There is considerable
uncertainty in the exact form of this signal, arising from the unknown properties of the first galaxies. Reproduced with permission from [2].
Copyright 2010 Nature Publishing Group.

the Hubble parameter H0 = 100h km s−1 Mpc−1 with h =
0.74. Finally, the spectrum of fluctuations is described by
a logarithmic slope or ‘tilt’ nS = 0.95, and the variance of
matter fluctuations today smoothed on a scale of 8h−1 Mpc is
σ8 = 0.8. The values quoted are indicative of those found by
the latest measurements [3].

The layout of this review is as follows. We first discuss
the basic atomic physics of the 21 cm line in section 2. In
section 3, we turn to the evolution of the sky-averaged 21 cm
signal and the feasibility of observing it. In section 4 we
describe 3D 21 cm fluctuations, including predictions from
analytical and numerical calculations. After reionization, most
of the 21 cm signal originates from cold gas in galaxies (which
is self-shielded from the background of ionizing radiation).
In section 5 we describe the prospects for intensity mapping
(IM) of this signal as well as using the same technique to map
the cumulative emission of other atomic and molecular lines
from galaxies without resolving the galaxies individually. The
21 cm forest that is expected against radio-bright sources is
described in section 6. Finally, we conclude with an outlook
for the future in section 7.

We direct interested readers to a number of other
worthy reviews on the subject. Reference [4] provides a
comprehensive overview of the entire field, and [5] takes a
more observationally orientated approach focusing on the near
term observations of reionization.

2. Physics of the 21 cm line of atomic hydrogen

2.1. Basic 21 cm physics

As the most common atomic species present in the Universe,
hydrogen is a useful tracer of local properties of the gas.

The simplicity of its structure—a proton and electron—belies
the richness of the associated physics. In this review, we will be
focusing on the 21 cm line of hydrogen, which arises from the
hyperfine splitting of the 1S ground state due to the interaction
of the magnetic moments of the proton and the electron. This
splitting leads to two distinct energy levels separated by "E =
5.9×10−6 eV, corresponding to a wavelength of 21.1 cm and a
frequency of 1420 MHz. This frequency is one of the most pre-
cisely known quantities in astrophysics having been measured
to great accuracy from studies of hydrogen masers [6].

The 21 cm line was theoretically predicted by van de Hulst
in 1942 [7] and has been used as a probe of astrophysics
since it was first detected by Ewen and Purcell in 1951 [8].
Radio telescopes look for emission by warm hydrogen gas
within galaxies. Since the line is narrow with a well measured
rest frame frequency it can be used in the local Universe as
a probe of the velocity distribution of gas within our galaxy
and other nearby galaxies. The 21 cm rotation curves are
often used to trace galactic dynamics. Traditional techniques
for observing 21 cm emission have only detected the line in
relatively local galaxies, although the 21 cm line has been
seen in absorption against radio-loud background sources from
individual systems at redshifts z ! 3 [9, 10]. A new generation
of radio telescopes offers the exciting prospect of using the
21 cm line as a probe of cosmology.

In passing, we note that other atomic species show
hyperfine transitions that may be useful in probing cosmology.
Of particular interest are the 8.7 GHz hyperfine transition
of 3He+ [11, 12], which could provide a probe of helium
reionization, and the 92 cm deuterium analogue of the 21 cm
line [13]. The much lower abundance of deuterium and 3He
compared with neutral hydrogen makes it more difficult to take
advantage of these transitions.

3

see for e.g. Pritchard & Loeb 2013

!
Large (negative) dip in the brightness temperature at 70 MHz!


     provided the gas is colder than the CMB.


!
    It is therefore a probe of the IGM temperature at z = 20.



DM annihilation can heat the gas

A.N. & D.J. Schwarz; PRD 2009

A.N. et al. in prep.


Valdes, Evoli, Mesinger, Ferrara, Yoshida, 2012

With heating from DM halos, the IGM can be hotter than the CMB for z < 30!


—>  21cm line is seen in emission


—>  reaches saturation: 25 mK sqrt[ (1+z) / 10 ]

!
No DM annihilation



Measuring the global 21cm temperature at z = 20

 SCI-HI global 21cm experiment


 Sonda Cosmológica de las Islas para la detección de Hidrógeno neutro


 Carnegie Mellon and Instituto Nacional de Astrofísica, Óptica y Electrónica 



form routines integrated into the sampling
software are used to generate power spectra
from 0-250 MHz.

The system is placed inside of a Faraday
cage ⇠50 meters from the antenna and all
power/control signals sent to the antenna and
electronics as well as power to the internal
PC buses are RF filtered to minimize self-
generated noise contamination. Our last field
test revealed some leakage of self-generated
RFI at frequencies above 100 MHz. The dom-
inant source of this contamination has been
isolated to the DC-DC power supply for the
PC, and the contamination is stronger when
the input voltage to the power supply de-
creases. Under this proposal we will reduce
this self-generated RFI to a negligible level,
allowing us to extend the frequency range of
the experiment.

To minimize data collection interruptions,
an external supervisor circuit (aka watch-dog
circuit) monitors the system to provide restart
in case of any software lock-up failure. For
data transfer and communication, the Fara-
day cage includes shielded USB and Ethernet
ports that allow temporary access to the sys-
tem. The current data sampling/processing
duty cycle is ⇠10%, so 1 day of observation
yields about 2 hours of e↵ective observation
time.

2.3 Experimental Sites

One major interfering flux contribution in this
frequency range is terrestrial RFI. In particu-
lar, television stations and FM radio stations
transmit in our band. Even at the U.S. Na-
tional Radio Quiet Zone in Green Bank, West
Virginia, the FM signal exceeds the sky signal
by 10 dB over the entire FM band of 88-108
MHz (see Fig. 6).

In order to bring RFI down below the level
of the expected signal, it is necessary to op-

Figure 6: Comparison of RFI in the FM fre-
quency band between Green Bank, WV and
Isla Guadalupe, Mexico. Except for a few sta-
tions the noise on Guadalupe is indistinguish-
able from thermal noise for a single dataset,
while Green Bank is ⇠10 dB above thermal.

erate the instrument at an extremely remote
radio-quiet location. By travelling to remote
islands in the eastern Pacific Ocean, we can
make measurements at just such a place.

Figure 7: The PI and other team members
on-site with the HIbiscus antenna on Isla
Guadalupe

We have already deployed twice to Isla
Guadalupe in Mexico, see Fig. 7. Isla Guada-
lupe (Latitude 28� 580 2400 N, Longitude 118�

180 400 W), is 260 km o↵ the Baja California
peninsula in the Pacific Ocean. It is a Mex-
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RFI at Isla Guadalupe Vs Green Bank

An all sky experiment to measure the global 21cm brightness 
temperature of HI in the frequency range 50 - 130 MHz.
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Figure 9: Sky temperature (logarithmic) in (RA, DEC) coordinates at 70 MHz, from the
Galactic Global Sky Model (GSM) [13].
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Figure 10: The simulated antenna beam pattern in (RA, DEC) coordinates at 70 MHz at
di↵erent LST, plotted for the latitude of Isla Guadalupe.
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Figure 9: Sky temperature (logarithmic) in (RA, DEC) coordinates at 70 MHz, from the
Galactic Global Sky Model (GSM) [13].
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Figure 10: The simulated antenna beam pattern in (RA, DEC) coordinates at 70 MHz at
di↵erent LST, plotted for the latitude of Isla Guadalupe.
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Figure 11: Diurnal variation of a single 2
MHz wide bin centered at 70 MHz. Cali-
brated mean with RMS error bars are shown
for 9 days of observation binned in ⇠ 18
minute intervals. Variation in the errors at
di↵erent times is due to varying amounts of
exposure time caused by RFI excised and cor-
rupted spectra.

With n=1, our data already indicates that
chromatic features such as those described
in [44] are not present in the 60-90 MHz band
in our data. Increasing the number of ak

to n=2 substantially improves our residuals,
but additional ak have a lesser impact on the
residuals. For more detail see [45].

Future data analysis will include explor-
ing alternative spectral basis sets such as shown
in [44] for foreground removal and the e↵ects
of foreground removal on the 21 cm signal.

4 Project Status and Im-
provements

After fitting out the Galactic all-sky bright-
ness with an n = 2 log-polynomial we are
left with a residual at the Kelvin level. To

detect the first-stars trough we need to im-
prove this foreground subtraction by an or-
der of magnitude. We find that a significant
limiting factor is slight variation of our cali-
bration from day to day. This indicates that
the regular disruption of the system due to
changes of batteries and transfer of data is
also e↵ecting gain. So far, battery life has
been less than a day, and the battery voltage
steadily declines after replacement. We need
to eliminate these sources of gain variability.
Under this grant we will operate on a much
more stable diesel generator, which can run
for multiple days undisturbed.

Testing of the system at the required level
of stability and calibration precision is just
not possible at any US site. Regular deploy-
ment to ultra-quiet sites is essential to the de-
velopment any global signal experiment. The
TO-DO list in this proposal is the direct out-
come of our most recent deployment to Guad-
alupe...we needed time on-site to understand
our instrument. While Guadalupe is quiet
enough to test the instrument, it is not quiet
enough in the FM band for an all-sky bright-
ness measurement. We now need to move fur-
ther out into the Pacific.

So far, we have developed and tested the
instrument using primarily Mexican funding.
Our logistical cost are also substantially cov-
ered by Mexico’s baseline level of support for
these Islands. We now make our first, mod-
est request for NSF funding for the program.
This funding will allow us both to improve
the instrument and to relocate to a much qui-
eter site.

There is no way any all-sky experiment
can guarantee detection of the first-stars 21-
cm trough, until that program actually makes
the detection. Even then, multiple confirm-
ing observations from independent teams will
be needed to provide confidence in the detec-
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Sky brightness at 70 MHz PRELIMINARY!  Residuals at ≈ few Kelvin level.



ican biosphere reserve and has a population
of less than 100, including ecology-resoration
teams, Mexican Marines, and members of a
fishing cooperative.

We spent two weeks on Isla Guadalupe
(June 1-15, 2013) observing with SCI-HI on
the western side of the island. Even at this
remote site, we still detect some RFI from
the mainland, although residual FM is only
about 0.1 dB (70 K) above the Galactic
foreground level.

Figure 8: Map of eastern Pacific Ocean, in-
cluding Isla Guadalupe, Isla Socorro and Isla
Clarión.

Additional distance from the Mexican coast
can provide additional attenuation of RFI from
the mainland. Isla Socorro (Latitude 18� 480

000 N, Longitude 110� 900 000 W), is ⇠600 km
o↵ the Pacific coast of Mexico. This island
is also a biosphere reserve and has similarly
minimal infrastructure to Isla Guadalupe. Op-
eration of SCI-HI at this location should pro-
vide an RFI environment su�ciently quiet in
our frequency band. If additional distance is
required, Isla Clarion (Latitude 18� 220 000 N,

Longitude 114� 440 000 W) is ⇠700 km o↵ the
coast and can be utilized as well.

3 Data Analysis

3.1 Milky Way Galaxy Calibra-
tion

The Global Sky Model [13] of the Milky Way
Galaxy is derived from all publicly available
total power large-area radio surveys, and pro-
vides maps of the Galaxy at multiple frequen-
cies, to an accuracy of 1%-10% depending on
the frequency and sky region [13]. Fig. 9
shows the GSM map at 70 MHz in (RA,DEC)
co-ordinates.

For each frequency, the beam-averaged sky
temperature as a function of time may then
be obtained for TGSM(t, ⌫):

TGSM(t, ⌫) =

R
d⌦ GSM(✓,�, ⌫) B(�✓,��, ⌫)R

d⌦ B(�✓,��, ⌫)

where (✓,�) are (RA, DEC) co-ordinates,
B(✓,�, ⌫) is the Hibiscus antenna beam pat-
tern, �✓ = ✓ � ✓0(t), �� = � � �0(t) and
(✓0(t),�0(t)) is the beam center. The time
dependence of (✓0,�0) arises due to the rota-
tion of the earth. Fig. 10 shows the simulated
antenna beam pattern for 3 di↵erent values of
Local Sidereal Time (LST). The sky bright-
ness is greatest when the beam center crosses
the Galactic plane, and smallest when the
Galactic plane aligns with the horizon. This
diurnal variation in sky brightness is used to
calibrate the data, as is discussed in more de-
tail in the next section.
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The very quiet Isla Guadalupe is not quiet enough!

Isla Clarion Isla Socorro

Isla Guadalupe

We plan to go to Isla Socorro 


and/or Isla Clarion in Spring 2014


!
We will observe continuously for


2 weeks.


!
—> We expect RFI in the FM band to be 
below the thermal level.


!
—> expect to obtain residuals ≈ 100 mK.



Conclusions

Direct detection experiments have obtained results consistent with light 
DM in the Galaxy. 


--> Must test through independent experiments:

Dwarf galaxies have a lot of DM: 


Observe in the radio - complementary to gamma ray obs.


Prelim. results B < 0.6 μG for 10 GeV DM and fid. parameters.


We have requested 150 hours of obs. time with the GBT to observe all the 
dwarfs in the local group

The CMB is well measured. Theory is well understood.


New expts: ACTPol, SPTPol, Plank Pol.


PIXIE can measure spectral distortions (Chluba & Sunyaev)


Combined with clusters and LSS, one can break degeneracies. 

21cm observations - A new and exciting probe of physics at z = 20! 


DM annihilations heat the IGM - 21cm line seen in emission.


Sensitive measurements can test this - see SCI-HI, LEDA, DARE.


We can study DM annihilation, effects on primordial star formation, etc.




