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                                      Dark Matter: 

the stuff out there that we still really don’t understand
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The Circular Velocity Curve of the Milky Way 11
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Figure 3. The new measurements of the circular velocity curve of the Milky Way are
shown as the black data points. The errorbars are estimated via bootstrapping and do
not include any systematic uncertainties. We note the systematic error at the location of
the Sun, which influences our results at the . 3% level (see § 5.2). The blue dotted curve
shows a linear fit to our data (Eqn. 7), whereas the red curves show 100 random draws
from the posterior distribution of the fit parameters to the circular velocity modeled as a
sum of stellar components, i.e. bulge, thin and thick disk (grey curves), and a dark matter
halo estimated by an NFW-profile (yellow curves, also showing 100 random draws from the
posterior). The measurements of various other studies of the circular velocity are shown as
colored data points. The light grey shaded region marks the region, where dynamics are
strongly influenced by the Milky Way’s bar.

(2013) or Reid et al. (2014) suggest, who estimate a slope that is consistent with a

flat circular velocity curve, which is excluded by our estimate with > 3� significance.

A declining circular velocity curve has not been observed in many other disk galaxies

in the local universe, which rather show a flat or even increasing circular velocity curve

(e.g. Rubin et al. 1980; Sofue et al. 1999). Galaxies with declining circular velocity

curves have yet only been reported at higher redshift. For instance, Genzel et al.

(2017) studied six massive star-forming galaxies at z ⇡ 2 and found declining circular

velocities curves, claiming that these galaxies are baryon-dominated and their dark

matter content smaller than in disk galaxies in the local universe (see also Lang et al.

2017). They argue that the observations suggest that baryons in the early universe
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Dark matter in a galaxy

Aquarius simulation



visible galaxy
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This talk: what is the particle nature of dark matter?
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my approach: do what is 
necessary to discover 
particle dark matter



Fermi GCE and the Non-Poissonian Template Fit
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No Stone Left Unturned in Search For WIMP DM



3.5 keV line Fermi GCE
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Theme of my work: stat. and physics tools for 
looking for particle DM in noisy astro. data sets

No evidence for 3.5 keV line in joint likelihood
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Figure 1: Our upper limits on sterile neutrino decay. The one-sided 95% upper limit on
the sterile neutrino DM mixing parameter sin

2
(2�) as a function of the DM mass ms from our

analysis of XMM-Newton BSOs (black squares). We compare with the expected sensitivity
from the Asimov procedure (1� shown in green and 2� in yellow), and previous constraints
(gray lines) and parameters required for DM decay explanations of previous UXL detections
(3� in dark gray, 2� in gray, and 1� in light gray). We also show several existing detections
(labelled 1 to 5) and constraints (6 to 10) citeAbazajian:2017tcc.
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and below the Galactic plane. We find no significant
difference in the vertical velocity distribution function
above and below the Galactic plane, unlike Ref. [84] which
claimed evidence for a contracting mode. We also find that
the midplane velocity distribution function is symmetric
about v ¼ 0 (we find the vertical Solar velocity w0 ¼
6.8" 0.2 km=s, consistent with the measurement of
Ref. [78]) and has the expected Gaussian profile of a static
isothermal population [85].
Our treatment differs from the out-of-equilibrium analy-

sis of Ref. [51], which evolves the observed tracer density
profile as it oscillates up and down through the spatially
fixed potential of other mass components (including a DD),
while determining the error on this evolution through
bootstrapping. This results in a band of possible tracer
profiles that could be caused by a DD in the presence of
disequilibria. In contrast, our approach treats all the data on
equal footing. Since changing f0ðvÞ can potentially mimic
the pinching effect from a DD, our analysis accounts for the
possibility that pinching arises from fluctuations or sys-
tematics in f0ðvÞ. Thus, our analysis also scans over an
analogous band of tracer profiles.
We perform a final consistency check by breaking down

our tracer sample into subpopulationswith different velocity
dispersions, which are affected differently by disequilibria
due to their different mixing timescales. In the presence of
out-of-equilibrium features, separate analyses of these
different subpopulations could yield discrepant parameters
[86]. As detailed in the Supplemental Material [65], how-
ever, we find broad agreement between the subpopulations.
Likelihood analysis.—We search for evidence of a thin

DD by combining the model and data sets described above
with a likelihood function. Here we summarize our
statistical analysis, which is described in full in the
Supplemental Material [65].
The predictedzdistribution of stars is a function of the DD

model parameters (namely, the DD scale height and surface
density) and nuisance parameters, which consist of (i) the 12
baryonic densities in Table I, along with their velocity
dispersions, (ii) the local DMdensity in the halo ρDM, (iii) the
height of the Sun, and (iv) the midplane stellar velocity
distribution f0ðvjÞ, where j indexes the velocity bins.
The velocity distributions are given Gaussian priors in

each velocity bin with central values and widths, as shown
in Fig. 1. The baryon densities and velocity dispersions are
also given Gaussian priors with the parameters in Table I.
The height of the Sun above the disk and local DM density
are given linear priors that encompass a broad range of
previous measurements, zsun ∈ ½−30; 30& pc and ρDM ∈
½0; 0.06& M⊙=pc3 [64,75,83,87,88]. When combining stel-
lar populations, we use a shared mass model but compute
the densities of the A, F, and G stars independently and
give their velocity distributions independent nuisance
parameters. In analyzing all three stellar populations, we
have 89 nuisance parameters.

For fixed hDD, we compute likelihood profiles as
functions of ΣDD by profiling over the nuisance parameters.
From the likelihood profiles, we compute the 95% one-
sided limit on ΣDD, which is shown in Fig. 2. We also
compare our limit to the expectation under the null
hypothesis, which is generated by analyzing multiple
simulated TGAS data sets, where we assume the fiducial
baryonic mass model and include ρDM ¼ 0.014 M⊙=pc3.
We present the 68% and 95% containment region for the
expected limits at each hDD value. The TGAS limit is
consistent with the Monte Carlo expectations at high hDD
but becomes weaker at low hDD. This deviation is also
manifest in the test statistic (TS), which is defined as twice
the difference in log-likelihood between the maximum-
likelihood DDmodel and the null hypothesis. We find TS ∼
5 at hDD ∼ 5 pc and ΣDD ∼ 4 M⊙=pc2; while this does
indicate that the best-fit point has a nonzero DD density,
the TS is not statistically significant. Moreover, we cannot
exclude the possibility that the true evidence in favor of
the DD is much lower due to the possible existence of
systematic uncertainties that are not captured by our
analysis.
The model without the thin DD provides insight into the

baryonic mass model and the local properties of the bulk
DM halo. While the DD limits described above were
computed in a frequentist framework, we analyze the
model without a DD within a Bayesian framework for
the purposes of parameter estimation and model compari-
son. The marginalized Bayesian posterior values for the
total baryonic density and local DM density are given in
Table II for analyses considering the three stellar popula-
tions in isolation. Despite only analyzing data in a small
sample volume, we find mild evidence in favor of halo

FIG. 2. The 95% constraint on the DD surface density ΣDD as a
function of the scale height hDD, as found in this Letter and in
Kramer and Randall [51]. The star indicates fiducial DD
parameters that can account for phenomena such as periodic
comet impacts [36]. Also shown is a comparison of the limit to
the 68% and 95% containment regions (in dark and light green,
respectively) on the expected limit from simulated data generated
under the null hypothesis of no DD.
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Theme of my work: new ways of searching for 
particle dark matter
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A Broandband / Resonant Approach to Cosmic Axion 
Detection with an Amplifying B-field Ring Apparatus 

Y. Kahn, B.S. , J. Thaler (PRL 2016)



Toroidal Magnetic Field: B
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Axion Effective Electric Current: I
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Secondary axion-induced B-field: Bind
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Pickup-loop current: Iind
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Lindley Winslow

ABRA-10 cm Run 1: PRL 2018, PRD 2019
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FIG. 3. The limit on the axion-photon coupling ga�� constructed from ABRACADABRA-10cm data described in this work.
We compare the observed limit, which has been down-sampled in the number of mass points by a factor of 104 for clarity of
presentation, to the expectation for the power-constrained limit under the null hypothesis. This down-sampling excludes the
87 isolated mass points vetoed in the discovery analysis; further details will be presented in [13]. Additionally, we show the
astrophysical constraint on ga�� in this mass range from the CAST helioscope experiment [37]; the region above the grey line
is excluded.

ulated software axion signal into our real data and con-
firmed that the data-quality cuts and analysis framework
described above are able to correctly detect or exclude
the presence of an axion signal. In the future we hope
to build this into a hardware-based option, using the cal-
ibration loop to inject “blinded” signals similar to the
approach used by ADMX [32]. Further details of the
analysis and statistical tests we have performed, as well
as an extended discussion of the noise in the excluded ex-
posure, will be further described in a future publication
[13].

RESULTS AND DISCUSSION

We observe no evidence of an axion signal in the mass
range 3.1 ⇥ 10�10 eV – 8.3 ⇥ 10�9 eV and place up-
per limits on the axion-photon coupling ga�� of at least
3.3 ⇥ 10�9 GeV�1 over the full mass range and down to
1.4 ⇥ 10�10 GeV�1 at the strongest point. Our full ex-
clusion limits are shown in Fig. 3. This result represents
the first search for ADM with ma < 1µeV, and with one
month of data is already competitive with the strongest
present astrophysical limits from the much larger CAST
helioscope [37] in the range of overlap.

We note that for a significant range in frequency,
we achieved the SQUID noise-limit. However, con-
straints on the detector configuration introduced para-
sitic impedances into the readout circuit, which lead to a
loss in the ultimate axion coupling sensitivity [13]. This
will be addressed in future e↵orts and could yield up to
a factor of ⇠6 improvement in sensitivity with a similar
exposure.

As ABRACADABRA-10 cm is a prototype detector,

there are many potential directions for future improve-
ment. Our focus in this work has been on demonstrating
the feasibility and power of this new approach. Future
upgrade paths for the ABRACADABRA program will
include improvements to shielding and mechanical vi-
bration isolation, reduction of parasitic inductances, im-
provements to the readout configuration, expanded fre-
quency range, and construction of a larger toroid.

CONCLUSION

The axion is a promising DM candidate, but its cou-
plings remain largely unconstrained at low masses. In
this Letter we have demonstrated the capabilities of the
broadband axion search ABRACADABRA-10 cm, which
can cover many decades of axion mass with relatively
short data-taking time and which has nonetheless set
competitive limits on the coupling ga�� . We have al-
ready identified stray fields from the toroid, vibration,
and cross-talk with the DAQ to be significant sources
of background [13]. Understanding these sources will be
critical for scaling the experiment up to the ⇠ 1 � 5m
scale to search for the QCD axion.
The ABRACADABRA program is highly complemen-

tary to microwave cavity experiments like ADMX and
HAYSTAC, as well as proposed experiments like MAD-
MAX [51], which can probe the coupling ga�� for ax-
ion masses in the range 10�6 � 10�5 eV and 10�5 �
10�3 eV, respectively. By demonstrating the e�cacy of
ABRACADABRA-10 cm, we have set the stage for a full-
scale experiment which can probe the QCD axion [13].
The combination of ABRACADABRA, microwave cav-
ities, and MADMAX type detectors, along with experi-

ABRA-10cm Results

PRL 2019
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Our (realistic) Goal: GUT Scale Axion Dark Matter
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