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The neverending quest for new (astro)physics based on 
multi-wavelength and multi-messenger astronomy

- A plethora of messengers from highly energetic events

- Charged CRs 

- High-energy photons - from keV to PeV domain - 

- Gravitatational waves 

- All these messenger originate from events characterized 
by a very high release of energy

- Reveal aspects of particle acceleration and transport in 
turbulent environments, (astro)physics of compact objects… 

- Portals to new physics? In particular, can shed light on the 
Dark Matter problem 
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10-22 eV 1 eV 1 TeV1 GeV 1019 GeV
(10-5 g)

1057 GeV
(1033 g)

“Fuzzy” Dark 
Matter
λdB ~ 1 kpc ~ size of a 
dSph Galaxy

[Hui, Ostriker, 
Tremaine, Witten 
2016] 

Axion-like particles

Primordial black holes 
(PBHs)Weakly interacting massive 

particles (WIMPS)
e.g. lightest neutralino state in 
MSSM

Proposed more than 40 
years ago [Zeld’ovich and 
Novikov 1966, Hawking 
1971]

1st wave of popularity 
following microlensing 
hints by MACHO 
collaboration [Alcock et al. 
1997]

Recently reconsidered in 
the DM community

The Dark Matter problem: Candidates
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Charged CRs and the WIMP quest
- Focus on Antiparticles. Relevant channels: antiprotons, 

positrons. 
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Charged CRs and the WIMP quest
- Several anomalies were discussed in both channels. 

Anomalies with respect to what? 

- Orthodox picture: Bulk of CRs accelerated by SNRs. Antiparticles 
mostly secondary. Transport parametrized by (scalar) diffusion 
equation.  

- Anomalies may be hints of “new astrophysics”, mismodeling of 
background… we have to be very careful!
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FIG. 1. Comparison of our best-fit proton and helium fluxes as a function of rigidity with AMS-02 and Voyager data. Both
plots show the default setup without DM. In addition, we show the best fit before solar modulation ('� = 0). The fit range is
R = (5�300) GV (between the dotted lines).

FIG. 2. Comparison of our best-fit antiproton-over-proton ratio as a function of rigidity with AMS-02 data. The left plot shows
the default setup without DM, while the plot in the right panel shows the corresponding setup with DM. In addition, we show
the tertiary component, the DM component, and the best fit before solar modulation ('� = 0). The fit range is R = 5 to
300 GV (between the dotted lines).

and Voyager. The respective plots from the fit including DM look very similar. The residuals in the lower panels show
a perfect agreement of the AMS-02 data with the Galprop model. However, they also already hint at a problem:
The fluctuation of data points around the best fit is much smaller that the dominating systematic uncertainty. If this
uncertainty is taken to be uncorrelated the fit results in a �2 per degree of freedom (dof) much smaller than 1. We
elaborate on possible correlation scenarios in more detail in Sec. V.

Figure 2 shows the best fit of the antiproton-to-proton ratio. Considering the fit regime from 5 to 300 GV there is
a clearly visible improvement in the residuals, if DM is included in the fit. The significance in terms of �2 difference
between the fits excluding and including DM is ��2

' 12.7 which formally corresponds to 3.1�. For the considered
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Figure 3: Fit to the positron flux for two classes of injection scenarios, where intrinsic features are
added. (a) Burst-like injection with cuto↵, (b) constant-luminosity injection with cuto↵, (c) burst-like
injection with broken power-law, (d) constant-luminosity injection with a broken power-law.

burst-like injection we consider the age and distance of the Monogem pulsar, while for the
constant-luminosity we use the age and distance of Geminga. This is in accordance to what
is shown and discussed in Appendix C, where all the high-energy nearby (within 1.3 kpc)
sources are plotted in both injection scenarios, and the dominant contribution is assessed in
both cases.

The resulting plots are shown in Figure 3, where the source terms entering each fit
function are shown inside each canvas, and the Maximum-a-Posteriori (MAP) parameters of
the fits — (i.e. the maximum values of the posterior distribution functions obtained as an
output in the fitting procedure)— are listed in Tables 2 and 3.

We notice that each of the four combinations is compatible with the positron data.
Nonetheless, comparing the numerical values on the tables, relevant physical aspects have to
be noticed:

• Even though we set a prior for the injection indices to be hard, data seem to favorite

– 13 –
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Focus on antiprotons: A DM hint? Role of uncertainties?
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FIG. 1. Comparison of our best-fit proton and helium fluxes as a function of rigidity with AMS-02 and Voyager data. Both
plots show the default setup without DM. In addition, we show the best fit before solar modulation ('� = 0). The fit range is
R = (5�300) GV (between the dotted lines).

FIG. 2. Comparison of our best-fit antiproton-over-proton ratio as a function of rigidity with AMS-02 data. The left plot shows
the default setup without DM, while the plot in the right panel shows the corresponding setup with DM. In addition, we show
the tertiary component, the DM component, and the best fit before solar modulation ('� = 0). The fit range is R = 5 to
300 GV (between the dotted lines).

and Voyager. The respective plots from the fit including DM look very similar. The residuals in the lower panels show
a perfect agreement of the AMS-02 data with the Galprop model. However, they also already hint at a problem:
The fluctuation of data points around the best fit is much smaller that the dominating systematic uncertainty. If this
uncertainty is taken to be uncorrelated the fit results in a �2 per degree of freedom (dof) much smaller than 1. We
elaborate on possible correlation scenarios in more detail in Sec. V.

Figure 2 shows the best fit of the antiproton-to-proton ratio. Considering the fit regime from 5 to 300 GV there is
a clearly visible improvement in the residuals, if DM is included in the fit. The significance in terms of �2 difference
between the fits excluding and including DM is ��2

' 12.7 which formally corresponds to 3.1�. For the considered
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Figure 3. p̄/p spectrum evaluated with the propagation parameters determined in the combined p̄/p

analysis. The statistical uncertainty in the evaluation of the model is shown as a yellow band and
residuals with respect to AMS-02 data (2018) are also shown. The error bars on AMS-02 data are
the 1� errors reported by the collaboration. On top of this, the same spectrum but scaled by 10% is
also shown as a dashed line, allowing us to see that a simple 10% scaling would make us reproduce
experimental data within 1� errors.

3.2.1 Testing possible antiproton production from a WIMP

The fact that these residuals are so flat above 3 GeV could be related to the effect of cross
sections uncertainties, instead of an extra source of antiprotons (such as antiprotons produced
from dark matter), whose contribution would have a bump-like structure. In fact, it is very
reasonable to think of a 10% rescaling of the cross sections of antiproton production, either
from the component of prompt production of antiprotons (direct creation, CR+ gas ! p̄) or
from the component of antineutron and antihyperons decay (CR + gas ! {n̄, ⇤̄, ⌃̄} ! p̄),
or a scaling in both (see, e.g. eq. 5 of ref [60]). Nevertheless, we also evaluate the spectrum
of antiprotons produced from a WIMP, in order to test if this contribution could explain the
excess found in the p̄/p spectrum. To do so, we test the mass and thermal annihilation cross
sections (h�vi) that yield the best fit with AMS-02 data. This analysis consists of evaluating
the spectrum of antiprotons produced from a WIMP annihilating in the bb̄ channel and sum
this contribution to the diffuse p̄ produced from CR collisions (with propagation parameters
found in the combined analysis of p̄/p spectrum). The computation of the antiproton spectrum
generated from the WIMP is performed with the DarkSusy code, for the NFW and Burkert
dark matter profiles. Then, we use our MCMC algorithm to find the values of WIMP mass
and h�vi that provide the best fit on the p̄/p ratio.

In the left panel of figure 4, we display the result of the analysis of the NFW profile
(the WIMP spectrum looks the same for the Burkert profile) in comparison to AMS-02 data.
Here, we can see that the component of antiprotons produced from DM annihilation does not
seem consistent with the energy dependence of the the p̄/p spectrum, although it can nearly
reproduce this spectrum (although antiproton production from two, or more, annihilation
channels could fit well with experimental data). We must highlight that the �

2 value of
this fit is ⇠ 57 (evaluated over the 44 data points of the p̄/p spectrum above 4 GeV), a

– 9 –
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certainty in our baseline model, the covariance matrix of
data errors alone (Cdata) would already give enough free-
dom to allow for a very good agreement between the data
and the secondary flux prediction; (ii) Considering only
the statistical uncertainties in the data and the uncer-
tainties in the model (�stat and Cmodel), this prediction
is marginally consistent with the data at the 2� level,
with the KS test leading to an even better p-value. Also
note the relevance of the KS test (as opposed to the �2

test) to spot error overestimates, in the case of �tot and
Cmodel; (iii) In the most realistic case considering both
Cdata and Cmodel, p-values are very good for both the �2

and KS test. Thus, not only is a secondary origin for
the locally measured p̄’s statistically consistent with the
data, but, as shown by these considerations, it is also ro-
bust with respect to error mismodelling in either model
or data errors.

TABLE I. Respective p-values for di↵erent sources of errors.
We take dof= 57, i.e. the number of p̄ data. Total errors on

data are defined to be �tot =
q

�2
stat + �2

syst.

Error considered �2/dof p-value (�2) p-value (KS)

�stat 23 0 0

�tot 1.69 8.3 ⇥ 10�4 0

Cdata 0.85 0.79 0.97

�stat and Cmodel 1.32 0.05 0.99

�tot and Cmodel 0.37 1.0 0.01

Cdata and Cmodel 0.77 0.90 0.86

Conclusions — Percent-level details in the model
predictions now matter, as do more subtle aspects of the
data error treatment. In this paper we have presented a
major upgrade of the p̄ flux prediction and analysis by:
(i) using the latest constraints on transport parameters
from AMS-02 B/C data, (ii) propagating all uncertain-
ties (with their correlations) on the predicted p̄ flux, and
(iii) accounting for correlated errors in p̄ data. The multi-
component nature of the systematic error, with di↵erent
R-dependencies and correlation lengths, has a crucial im-
pact on the analysis, and was not captured in more sim-
plified treatments as in Ref. [44]. With these novelties,
we unambiguously show that the AMS-02 data are con-
sistent with a pure secondary astrophysical origin. We
stress that this conclusion is not based on a fit to the
AMS-02 p̄ data, but on a prediction of the p̄ flux com-
puted from external data. Our results should hold for
any steady-stade propagation model of similar complex-
ity, as they all amount to the same “e↵ective grammage”
crossed to produce boron nuclei (on which the analysis
is calibrated), with roughly the same grammage entering
the secondary p̄’s. We have checked that this conclusion
is robust with respect to a variation by a factor of a few
of the correlation lengths of the AMS-02 systematic un-
certainties. Also, recent analyses of Fermi-LAT data are
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FIG. 2. Comparison of p̄ model and data (a), along with resid-
uals and 68% total confidence interval for the model (grey)
together with the transport (blue), the parents (red) and the
cross sections (green) contributions (b). The residuals of the
eigen vectors of the total covariance matrix as a function of
the pseudo-rigidity R̃, as well as their distribution are shown
in (c) and in the inset.

suggestive of a spatial dependent di↵usion coe�cient, no-
tably di↵erent in the inner Galaxy [77]. Moving to more
complex scenarios containing the 1D framework consid-
ered here as limiting case would broaden theory space,
but would not alter our conclusions on the viability of
secondary production to explain antiproton data. On the
technical aspects, more computationally expensive meth-
ods could allow one to go beyond the quadratic assump-
tion (i.e. assuming multi-Gaussian error distributions)
embedded in the covariance matrix of errors. For more
advanced applications, sampling techniques like Markov
chain Monte Carlo could be used (e.g., [78]). However,
a significant improvement in our perspectives for DM
searches in the p̄ flux can only be achieved by simul-
taneously reducing the systematics in the data and the
errors of the modelling. On the data side, a covariance
matrix of errors directly provided by the AMS-02 collab-

Boudaud+ arXiv:1906.07119

De La Torre arXiv:2107.06863
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Gamma rays: GeV domain. Targets
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Gamma rays: GeV domain. Claims and bounds. State of 
the art (pre-CTA)
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Figure 28: Comparison of projected dSph stacking limits with current and future IACT limits from CTA for the bb̄ (left) and
⌧+⌧� (right) channels. The dashed black curve shows the expected limit from the analysis of the artificially expanded target
described in §4.5.2 for the 15-year data set. IACT limits are in red and taken from [281, 282]. The limits derived from the
Planck data [13] are in gray. Finally, favored contours for several Galactic-center analyses are included for comparison.

instruments such as PAMELA and AMS-02 with results from �-ray data is complicated as the constraints on
the DM annihilation are dominated by systematic modeling uncertainties. As an example, the measurement
of the ratio of anti-protons to protons, �(p̄)/�(p), could in principle be used to probe cross sections below
the thermal relic level. In practice, however, the constraints based on cosmic-ray data have large modeling
uncertainties and are quite model dependent (see Figs. 29 and 30).

Figure 29: Combined total uncertainty on the predicted secondary p̄/p ratio, superimposed on the PAMELA [283] and AMS-
02 [284, 285] data. This figure appeared as Fig. 2 of Ref. [286]; additional details about the uncertainty bands may be found
in that work; reproduced under the Creative Commons attribution license.

Similarly, the ratio of positron to electron fluxes has been measured by the LAT [28], AMS-02 [289, 290]
and PAMELA [291] and is potentially sensitive to DM interactions. The observed positron to electron flux
ratio rises steadily from ⇠ 5% at 1GeV to ⇠ 15% above 100 GeV, suggesting the injection of high-energy
positrons into the interstellar medium. Similarly to the situation with anti-protons, the interpretation of the
rising positron fraction and implied constraints on DM annihilation are dominated by systematic modeling
uncertainties, see, e.g., Refs [292–295] for discussion of the interpretation of the positron excess.

In summary, the LAT data, and in particular the analysis of the dSphs provide the best current constraints

37

Charles+ arXiv:1605.02016
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Gamma rays: GeV domain. Claims and bounds: The GC 
excess

- An extended, spherical signal from the inner Galaxy  
- Outlined by a template fitting technique 
- DM interpretation: MDM  ~ 30 GeV; σann close to thermal cross section 
- Very rich literature! 

D. Dixon et al. 1998 [arXiv:9803237]; V. Vitale et al. 2009 [arXiv:0912.3828];
L Goodenough and D. Hooper, 2009; D. Hooper and L. Goodenough, 2010
D. Hooper and T. Linden, 2011; K. N. Abazajian and M. Kaplinghat, 2012
D. Hooper and T. R. Slatyer, 2013; C. Gordon and O. Macias, 2013
T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden; S. Portillo, N. L. Rodd and T. 
R. Slatyer, 2014 [arXiv:1402.6703]; F. Calore, I. Cholis, C. Weniger, 2014
[arXiv:1409.0042]; F. Calore et al. 2015 [arXiv;1411.4647]
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Figure 1
GC excess differential !ux for a 15° × 15° region about the GC. Data from Hooper & Slatyer (8), Gordon & Macias (9), Abazajian
et al. (10), Daylan et al. (11), Calore et al (12), and Ajello et al. (13). Because the analyses of the GC excess shown in this "gure are based
on regions of the γ -ray sky of differing sizes, for a direct comparison they have been rescaled to the dark matter content over the 15° ×
15° region for a Navarro–Frenk–White pro"le with index γ = 1. Abbreviation: GC, Galactic center.

important discriminating factor between a DM or MSP interpretation of the excess. The lower-
energy component of the GC excess spectrum, below ∼1 GeV, is also uncertain and covers large
variations across analyses. Similar to the high-energy component, whether the spectrum steeply
falls below this energy or not is crucial in identifying the origin of the GC excess, as discussed in
Section 4.

Although the peak energy is generally accepted as a robust feature of the GC excess spectrum,
it has been observed that, for a subset of IEM assumptions and parameterization of the GC excess
spectrum, it can shift upward by a few GeV to about 5 GeV (e.g., 13). These results, which are not
shown in Figure 1, do not yield as good an agreement with the data as those included in the "gure.
However, because of the uncertainties in the IE modeling, they cannot be conclusively ruled out
at this time (see Section 3 for a discussion).

It also has been argued that the GC excess spectrum is not uniform across the region where
it is detected but, rather, displays a spatial variation. Speci"cally, the spectrum might be harder in
regions farther from the Galactic plane (16, 17) (see also Section 2.2). Implications of this spatial
variation for the interpretation of the GC excess are presented in Section 4.2.1.

These results are an illustration of the variations in the GC excess spectrum when a DM spatial
morphology that is spherically symmetric is assumed. Variations in the spatial morphology of the
GC excess have been observed and are discussed in Section 2.2. In the context of the spectrum,
it has been observed that when a spatial morphology for the GC excess that follows the Galactic
stellar bulge is considered instead of DM, the !ux is somewhat lower in the GeV range compared
with other results but is otherwise compatible (18).
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Hooper & Slatyer 2013
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Figure 2
GC excess intensity at 2 GeV as a function of Galactic latitude from various studies (4, 8–12, 19). The result labeled “Fermi coll.
(preliminary)” corresponds to Reference 13. The horizontal gray band indicates the (uniform) intensity of the Fermi bubbles (20; see
also Section 3.2.5), extrapolated from latitudes above 10°, while the vertical gray band approximately delimits the region where the
gas-related γ -ray emission from the inner Galaxy is signi!cant. Abbreviations: GC, Galactic center; NFW, Navarro–Frenk–White.
Figure adapted with permission from Reference 21.

2.2. Spatial Morphology
The spatial distribution of the GC excess is generally found to be consistent with a spherical
morphology, which is brightest toward the GC. The dependence of the intensity on radial dis-
tance from the GC is shown in Figure 2. While most analyses exclude the data 1–2° from the
GC, others (e.g., 13, 18, 22) include the innermost region. This distribution is consistent with
an emission originating from DM annihilation for a Navarro–Frenk–White (NFW) (23) density
distribution—that is, the γ -rays have a spatial morphology that is consistent with the square of the
NFW distribution. The following parameterization for a generalized NFW pro!le is employed:

ρ(r) = ρ0

(
r
Rs

)−γ (
1 + r

Rs

)γ−3

, 1.

where γ is the slope of the DM distribution in the innermost region, and, in the context of the
GC excess, its value is constrained by the γ -ray observation of the excess itself.2 As for the other
parameters, commonly assumed values areRs = 20 kpc and ρ0 corresponding to a local DMdensity
in the range ρ! = 0.3–0.4GeV cm−3. A pro!le in the range γ = 1.1–1.3 is favored bymost analyses
of the GC excess, but a shallower pro!le with γ = 1 is also allowed. The NFW pro!le with γ =
1 is predicted by simulations of cold DM, and a steeper distribution, with γ > 1, can arise when
baryonic effects are included (25). The excess extends to approximately 10–15° from the Galactic
plane (encompassing a distance of ∼1.5–2.3 kpc from the GC) (11, 12), and the centroid of the

2Measurements of the Milky Way stellar kinematics do not accurately constrain the NFW inner slope γ

(e.g., 24).
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Gamma rays: GeV domain. Claims and bounds: The GC 
excess

• DM interpretation
tension with constraints from dwarf 
spheroidal galaxies?
connection with other channels?

• MSP interpretation
suggested by wavelet analyses 
and photon statistics

R. Bartels et al. 2016 [1506.05104]
S. Lee et al. 2016 [1506.05124]
F. Calore et al. 2021 [2102.12497]

• Is it really an excess 
(normalization issues)?

D. Gaggero et al. 2015 [1507.06129] 
E. Carlson et al. 2015 [1510.04698]

• Is it really spherically symmetric 
(morphology issues)?
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Figure 4
Regions of the parameter space compatible with a dark matter interpretation of the Galactic center excess (contours and points with
error bars). Data from Gordon & Macias (9), Abazajian et al. (10), Daylan et al. (11), Calore et al. (12), Abazajian & Keeley (55), and
Karwin et al. (27) (all corresponding to 2σ , except for References 10 and 55). These are compared with the thermal relic annihilation
cross section (gray dotted line) (56) and with the constraints from dwarf spheroidal galaxies (solid brown line) (54). The tan band illustrates
variations on the dwarf spheroidal constraints by a factor of two (57, 58) related to the assumptions for their dark matter halos, but
larger variations that weaken the constraints up to a factor of seven are also possible (59). Abbreviation: MW,Milky Way.

that are out of reach for direct detection and collider searches. Although the center of the Galaxy
is predicted to be the brightest for a DM annihilation signal, other targets might provide more
reliable detections because they are less susceptible to the limitations in modeling of the IE (for a
recent review, see 49; see also 50–52).Dwarf spheroidal galaxies belong to this category and are ar-
guably the most promising targets for these searches. They are the largest DM clumps predicted
by cold DM N-body simulations of galaxy formation. As they contain stars, they are observed
optically. These systems are not expected to emit γ -rays through conventional astrophysical pro-
cesses. In addition, the determination of the J-factor for dwarf spheroidals is less dependent on
the choice of the DM density pro!le because it is integrated over the entire volume of the dwarf
spheroidal DM halo, unlike for the GC,where changes in slope can signi!cantly alter the J-factor.
To date, there is no con!rmed detection of dwarf spheroidal galaxies in γ -rays.4 Constraints based
on these observations have produced the most robust limits on the DM annihilation cross section
to date. The most recent limits are shown by the solid brown line in Figure 4. Constraints have
been determined for several possible annihilation !nal states, and those shown in Figure 4 assume
DM annihilating into bottom quarks (54).

4Tentative detections of dwarf spheroidal galaxies with Fermi–LAT have been claimed (53, 54); however, the
detection is faint and is sensitive to the IEM.
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Figure 8
Results from Bartels et al. (92): signal-to-noise ratio of the wavelet transform for a 12° × 12° region about
the Galactic center. Figure adapted with permission from Reference 92.

sources. This method detects small scale structure in the data and separates it from larger-scale
contributions. The fore/background IE primarily contributes power at a larger scale and can be
distinguished from an unresolved point source contribution using this method (92).While NPTF
technique relies on assumptions in the IEM, analyses of the γ -ray data that employ wavelet de-
composition are not as affected. Results from this technique are summarized in Figure 8: The
signal-to-noise ratio of the wavelet transform, which can be interpreted as the local signi!cance
for a point source at that location, is shown for a 12° × 12° region about the GC. The statistics of
the wavelet peaks is found to be compatible with a large number of faint point sources in the data,
with a spatial distribution that is peaked toward the GC. For standard assumptions regarding the
γ -ray luminosity of MSPs, this point source population can explain the full intensity of the GC
excess.

It has, however, been argued that for latitudes higher than 5°, where the GC excess is signi!-
cantly detected, there is not enough power at small angular scales to account for it, and the excess is
diffuse in nature at these latitudes (100). Furthermore, when the Fermi–LAT fourth source catalog
(4FGL) (101) is employed instead of the earlier versions, there is no evidence for suf!cient power
at small angular scales to explain the GC excess at lower latitudes as well (102), thus challenging
the conclusions from Reference 92. It has been shown that the wavelet technique is very sensitive
to the source catalog used to model the bright point sources in the region, and some of the point
sources claimed in Reference 92 to contribute to the GC excess are indeed detected with high
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O. Macias et al. 2017 [1611.06644]
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Gamma rays and WIMPs: future prospects (LSST+LAT, 
CTA)4.3 Indirect Detection 63
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Figure 19. Constraints on dark matter annihilation to bb̄ from Fermi-LAT observations of Milky Way satellite galaxies
�LAT Dwarfs� Ackermann et al., ����a� and HESS observations of the Galactic Center �HESS GC� Abdallah et al.,
�����. A bracketing range of dark matter interpretations to the Fermi-LAT Galactic Center Excess is shown in red �GCE�
Daylan et al., ����� Gordon & Macías, ����� Abazajian et al., �����. Projected sensitivity to dark matter annihilation
combining LSST discoveries of new Milky Way satellites, improved spectroscopy of these galaxies, and continued Fermi-
LAT observations is shown in gold. This projection assumes �� years of Fermi-LAT data, a factor of � increase in the
integrated J-factor, and a factor of � improvement from improved spectroscopy. Preliminary projected sensitivity for CTA
observations of the GC ����h� no systematics� are shown in gray �CTA GC� Eckner et al., �����.

and additional Fermi-LAT data. We estimate each of these contributions to predict the improved
sensitivity of dark matter annihilation searches in dwarf galaxies in the era of LSST.

To estimate the improvement in the integrated J-factor of the Milky Way satellite galaxy population,
we combine cosmological zoom-in simulations of Milky Way dark matter substructure with a semi-
analytic model to convert subhalo density profiles to J-factor estimates (this approach is is similar to
that of He et al. 2015). Our simulation-based model accounts for modulations to dark matter-only
subhalo populations due to baryonic physics, and we marginalize over the dependence of subhalo
populations on host halo properties by sampling subhalo populations from a large number of hosts
(Nadler et al., 2018a). To obtain an estimate for the increase in the integrated J-factor, we select
a host halo with the largest number of nearby subhalos, consistent with recent observations of
an overabundance of nearby satellites associated with the Milky Way (Kim et al., 2018; Graus
et al., 2018). We exclude subhalos with heliocentric distances < 20 kpc to avoid anomalously
large projections due to a single nearby satellite. We follow the analytic formalism presented by
Evans et al. (2016) and Pace & Strigari (2019) to convert the dark matter profiles of our simulated
subhalos to J-factors. This approach estimates the J-factor of each subhalo based on rmax, Vmax,
and heliocentric distance. We find that the cumulative J-factor within 100 kpc may increase by as
much as a factor of 3 relative to the known dSphs with measured J-factors.
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Figure 14: The CTA sensitivity curves derived in this work (black line, see Fig. 5) for the
bb̄ (�left) and W

+
W

� (right) channels, shown together with the current limits from Fermi-
LAT observation of dSph galaxies (cyan) [177] and H.E.S.S. observations of the GC (purple)
[165]. In addition we show the projection [190] of the Fermi-LAT sensitivity where future
dSphs discoveries with LSST are taken into account (dashed green). Note that the projected
sensitivity of CTA shown here includes our estimate of systematic uncertainties (1% overall
normalisation error and a spatial correlation length of 0.1�); for the corresponding results for
the initial construction configuration of CTA, see Appendix A.

DM, and to significantly extend the range of DM masses where we can robustly probe the
theoretically important benchmark that is provided by the thermal annihilation rate. In that
sense CTA will indeed provide a unique opportunity to test the WIMP paradigm, in particular
when keeping in mind that even annihilation rates a factor of a few larger than the ‘thermal’
annihilation rate are not uncommon among proposed models to explain the particle nature of
DM. In Appendix A we demonstrate that much of the discovery space remains available even
for the reduced observational programme associated with the initial construction configuration
of CTA – though of course the baseline array considered in the main text will clearly probe
more of the critical parameter space and hence have a significantly better leverage to test the
WIMP hypothesis. For either of these scenarios we believe that the chance to obtain unique
clues about the nature of DM, newly assessed and confirmed here, makes this part of CTA’s
science programme truly imperative.

– 34 –

arXiv:1902.01055

arXiv:2007.16129

predicted improvements from new dwarfs, better determined J-
factors, and more Fermi-LAT data 
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The Primordial Black Hole quest…
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…and the low-energy part of the e.m. spectrum
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Low-energy gamma rays and Black Holes: Evaporation
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An open window!

• Several constraints (1204.2056, 1505.04444, 
1301.4984) recently challenged (1807.11495, 
1906.05950) 

• Can be probed by studying low-energy (MeV) 
gamma-ray data.  

• PBHs can produce Hawking Radiation  

2

decades. We also estimate the expected improvement in
the bounds from a putative future experiment. We do so
by assuming that such a (more sensitive) experiment will
resolve a significantly larger number of individual AGNs
and blazars and will therefore provide a lower isotropic
unresolved background for energies above ⇠ 200 keV. We
show that, under this assumption, a significantly better
upper limit on the PBH abundance than the current one
may be placed in the future. This result motivates the
investment in future gamma- and X-ray experiments in
this range, as well as in further theoretical studies geared
towards a more precise modeling of astrophysical sources.

II. HAWKING RADIATION FROM PBHS

The photon emission from a population of PBHs of
mass M accounting for a fraction f = ⌦PBH/⌦DM of
the total DM density in the Universe is

�M =
dN

dE dt
= f

c ⇢

4⇡M

Z
dz

e
�⌧(z)

H(z)
 M [(1 + z)E] , (1)

where ⇢ = 2.17⇥ 10�30g/cm3 is the current DM density
of the Universe [28], and H(z) is the Hubble rate of ex-
pansion as a function of redshift. The function  M [E]
denotes the di↵erential flux emitted by a single PBH, as
a function of the energy E, per unit of energy and time.
For PBHs of masses above 1016 g is well approximated
by the primary2 Hawking emission:

 M [E] = (2⇡~)�1�s/(exp(E/kBT )� 1) , (2)

where the so-called grey factor �s is a function of M and
E. In the high-energy limit E � kBT , the grey fac-
tor approximately satisfies �s / (M/mP )2(E/mP c

2)2;
whereas for E ⌧ kBT , �s / (M/mP )4(E/mP c

2)4 [22].
These expressions are insu�cient to render adequately
the peak height and position of  M [E], which is best
computed numerically. To do so we use the public code
BlackHawk [29], which also allows to include the (sub-
dominant) secondary emission. We find that the di↵er-
ential flux for BHs of mass between 1016g and 1020g can
be approximated by

 M [E] '
2.5⇥ 1021 GeV�1s�1

(M18 E/E0)�2.7 + (M18 E/E0)6.7
, (3)

where E0 = 6.54⇥ 10�5 GeV and M18 ⌘ M/1018g. This
approximation is accurate to better than ⇠ 1% around
the emission’s peak (until  M [E] decreases an order of
magnitude), which is enough for our purposes. Neverthe-
less, we obtain the bounds on the PBH abundance from
the instantaneous spectra given by BlackHawk.

2
The spectrum of BHs may feature a secondary emission compo-

nent, depending on their mass, which is due to the interactions

among the primary emitted particles, see e.g. [4].

FIG. 1. Cosmic X-ray background spectrum, as measured by
various experiments. Overimposed are the Ueda+14 model
(blue dashed line), the fit to a double power-law (black dashed
line) of Eq. 4, and the corrections to the latter due to two
hypothetical monochromatic PBH distributions with di↵erent
masses M and cosmological abundances f = ⌦PBH/⌦DM .

The factor (1+z) inside  M [(1+z)E] accounts for the
Doppler shift from the time of emission to the time of ar-
rival to the detector. The optical depth ⌧(z) describes the
attenuation due to the propagation of the signal over the
relevant cosmological redshifts. Unlike for hard gamma
rays, this is negligible for soft gamma-rays and X-rays.
The integrand in (1) decreases very rapidly with z and ac-
curate results are obtained integrating up to z ⇠ O(100).

III. THE X-RAY AND GAMMA-RAY AGN
BACKGROUND

There has been a considerable e↵ort dedicated to in-
terpreting the measurements of the X-ray and gamma-
ray background from keV energies all the way up to
⇠ 100 GeV in terms of a superposition of a large number
of unresolved extra-Galactic sources. In particular, the
data in the range ⇠ 5–200 keV observed by Swift/BAT
[30], MAXI [31], ASCA [32], XMM-Newton [33], Chan-
dra [34] and ROSAT [35] are well reproduced by a pop-
ulation synthesis model of active galactic nuclei (AGNs)
developed by Ueda et al. in [36] (see the blue dotted line
in Figure 1). AGNs are powered by gas accretion onto
a supermassive black hole and are very e�cient X-ray
emitters. The model of [36] is based on the extrapolation
of the luminosity functions of AGNs in di↵erent redshift
ranges inferred by a sample of 4039 AGNs in soft (up to
2 keV) and/or hard X-ray bands (>2 keV). The objects
in the sample include both Compton-thin and Compton-
thick AGNs (with the latter being heavily obscured by
dust). As can be seen if Figure 1, this AGN modeling
fails to describe adequately the SMM data.
Indeed, for energies above ⇠ 50 � 100 keV the contri-

bution from blazars is expected to become progressively
more important. These objects correspond to the AGNs
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ranges inferred by a sample of 4039 AGNs in soft (up to
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Figure 9: Overall estimate for the continuous cosmic background radiation. The data in Fig. 8 were used
to derive upper and lower limits at all frequencies, which is proportional to the spread in this “splatter plot”.
Where the background is well measured the line is narrow, and it becomes thicker in regions where the
uncertainties are larger.

cosmologically important lines by estimating their monopole terms as functions of redshift, and hence their
contribution to the spectrum of the monopole. We will also present some recent experimental attempts to
constrain these line contributions to the background sky.

4.1 The Hi line
The spin-flip transition in neutral hydrogen, Hi, also known as the 21-cm line, has a rest-frame frequency
of 1420 MHz, corresponding to 0.00587 eV. It comes from the transition between the aligned (triplet) and
anti-aligned (singlet) electron-proton spin states, the latter of which has slightly lower energy. Although
intrinsically weak (this is a forbidden transition, with a lifetime of around 10 million years), the fact that
hydrogen is the most abundant element in the Universe makes this line an important tracer of neutral gas
everywhere, including for cosmological large-scale structure. There is currently much promise for the 21-cm
line to probe the epoch of reionization (EoR) at z ⇠ 10, which marks the end of the cosmic “dark ages”,
where we currently only have indirect information (see Furlanetto et al., 2006, for a review of the prospects
for 21-cm intensity mapping).

Prior to the EoR, the intensity of the 21-cm mean background depends largely on the hydrogen spin

17

2
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be approximated by
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the emission’s peak (until  M [E] decreases an order of
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the instantaneous spectra given by BlackHawk.
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FIG. 1. Cosmic X-ray background spectrum, as measured by
various experiments. Overimposed are the Ueda+14 model
(blue dashed line), the fit to a double power-law (black dashed
line) of Eq. 4, and the corrections to the latter due to two
hypothetical monochromatic PBH distributions with di↵erent
masses M and cosmological abundances f = ⌦PBH/⌦DM .

The factor (1+z) inside  M [(1+z)E] accounts for the
Doppler shift from the time of emission to the time of ar-
rival to the detector. The optical depth ⌧(z) describes the
attenuation due to the propagation of the signal over the
relevant cosmological redshifts. Unlike for hard gamma
rays, this is negligible for soft gamma-rays and X-rays.
The integrand in (1) decreases very rapidly with z and ac-
curate results are obtained integrating up to z ⇠ O(100).

III. THE X-RAY AND GAMMA-RAY AGN
BACKGROUND

There has been a considerable e↵ort dedicated to in-
terpreting the measurements of the X-ray and gamma-
ray background from keV energies all the way up to
⇠ 100 GeV in terms of a superposition of a large number
of unresolved extra-Galactic sources. In particular, the
data in the range ⇠ 5–200 keV observed by Swift/BAT
[30], MAXI [31], ASCA [32], XMM-Newton [33], Chan-
dra [34] and ROSAT [35] are well reproduced by a pop-
ulation synthesis model of active galactic nuclei (AGNs)
developed by Ueda et al. in [36] (see the blue dotted line
in Figure 1). AGNs are powered by gas accretion onto
a supermassive black hole and are very e�cient X-ray
emitters. The model of [36] is based on the extrapolation
of the luminosity functions of AGNs in di↵erent redshift
ranges inferred by a sample of 4039 AGNs in soft (up to
2 keV) and/or hard X-ray bands (>2 keV). The objects
in the sample include both Compton-thin and Compton-
thick AGNs (with the latter being heavily obscured by
dust). As can be seen if Figure 1, this AGN modeling
fails to describe adequately the SMM data.
Indeed, for energies above ⇠ 50 � 100 keV the contri-

bution from blazars is expected to become progressively
more important. These objects correspond to the AGNs

• Science case for future experiments  
(AMEGO, e-ASTROGAM…) 

• Nice opportunity to either detect a 
signal in the hard X-ray — soft 
gamma-ray band or to further 
constrain this window!
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Low-energy gamma rays and Black Holes: Accretion

• A new window of detection: Multi-wavelength (Radio + X-ray) emission from 
gas accreted onto isolated BHs in the Milky Way 

• Potential of discovery for a sub-dominant population with future radio 
observatories (SKA) 

• The Galactic Center, once again, is an ideal target 
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Low-energy gamma rays and Black Holes: Accretion
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• DG et al., arXiv:1612.00457 (PRL) 
• J. Manshanden, DG et al., 1812.0796 (JCAP) 
• F. Scarcella, DG et al., arXiv:2012.10421 (MNRAS)

• Robust upper limit 
on the PBH 
abundance. 

• Touching some 
“Astrophysical Floor”?

• Threshold effect at low 
energy?

• Weaker for multi-modal 
mass functions?
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Dark Matter and Gravitational Waves
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PBHs or ABHs? BHs as portals to DM?

Two fundamental questions:

1) Can PBHs be part (or all) of the Dark matter that permeates the 
Universe? Can we study the GW merger events to study this 
question? 

2) Can GW events be used to understand the nature of the DM (whatever 
the candidate)? 
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PBHs or ABHs? Population studies
1) Can PBHs be part (or all) of the Dark matter that permeates the Universe? 

Can we study the GW merger events to study this question? 
—> Redshift dependence may be the key! Interesting science case for future 
ground-based observatories (Einstein Telescope, Cosmic Explorer)

• Chen+ 1904.02396
• De Luca+ 2102.03809
• De Luca+ 2106.13769
• Ng+ 2012.09876
• Ng+ 2108.07276
• C. Fernández, P. Fleury, 

DG, N. Hogg, B.J. 
Kavanagh, M. Martinelli, 
F. Scarcella, in 
preparation

5

Integrating over R in Eq. (14), it is then easy to obtain
the marginalized posterior

p(!θ|!d) ∝
[

β(!θ)
]−N N

∏

i

∫

d!λ p(di|!λ) p(!λ|!θ), (16)

which has been widely used in previous population infer-
ences [3, 4, 60, 85, 86, 103].

LIGO O1+O2
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FIG. 3. Constraints on the abundance of PBHs, fPBH, in
CDM. The blue regions with 1M! ≤ m ≤ 100M! are in-
ferred from LIGO’s O1 and O2 events, where the centered
dashed lines are the median values and the shaded bars rep-
resent the 90% Poisson errors. Four lines shown in the mass
range [0.2, 1]M! represent the constraints from null targeted
searches of LIGO O1, LIGO O1 & O2, ET and CE, respec-
tively.

Using ten BBH events from LIGO’s O1 and O2 runs,
we find the median value and 90% equal-tailed credible
intervals for the parameters {!θ, R} to be P1 = 2.1+0.7

−0.8 ×
10−2, P2 = 5.4+4.7

−3.1 × 10−3, P3 = 5.1+15.2
−4.6 × 10−4, and

R = 308+193
−135Gpc−3 yr−1, from which we also infer the

fraction of PBHs in CDM to be fPBH = 3.3+2.3
−1.8 × 10−3.

Such an abundance of PBHs is consistent with previous
estimations that 10−3 ! fPBH ! 10−2, confirming that
the dominant fraction of CDM should not originate from
PBHs in the mass range of [0.2, 100]M" [9, 10, 16, 60,
95, 96]. From now on we will investigate the possibility
of detecting sub-solar mass BBHs. Here we denote the
abundance of PBHs in the mass range of [0.2, 1]M" as

fPBH0 ≡ fPBHP0 ∆m0, (17)

where ∆m0 = (1 − 0.2)M" = 0.8M". As a consequence
of the above analysis, it is then straightforward to infer
the upper bound of fPBH0 to be fPBH0 ≤ 1.8 × 10−3

by LIGO’s O1 and O2 runs. In the future, if third-
generation ground-based GW detectors are in operation,
the detection ability will be greatly enhanced and we have

POBBH
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FIG. 4. Redshift distribution of the normalized merger rate,
R(z)/R(0), for the POBBHs and AOBBHs, respectively. For
both the POBBHs and AOBBHs, we only count the BBHs
with masses in the range of 5M! ≤ m2 ≤ m1 ≤ 95M!. We
assume PBHs have a broad mass distribution of Eq. (7), and
the best-fits values are used to calculate the merger rate of
POBBHs. See text for the details on the assumptions on
different AOBBH models.

more chance to detect the sub-solar mass BBHs if they
do exist. In addition to search for the BBHs with two
sub-solar mass components as LIGO/Virgo have done,
we also propose to search for the BBHs with one sub-
solar mass component (with mass lying in [0.2, 1]M")
and another super-solar mass one (with mass lying in
[1, 100]M"). Using the loudest event statistic formalism

[see Eq. (4)] and the values of !θ inferred from LIGO’s
O1 and O2 runs, fPBH0 can be constrained to an un-
precedented level. Assuming no such BBHs will be de-
tected, ET implies fPBH0 ≤ 4.1× 10−7 while CE implies
fPBH0 ≤ 4.5 × 10−8. The results of the constraints on
fPBH (and fPBH0) when PBHs have a broad mass dis-
tribution are shown in Fig. 3. Note that the red line in
Fig. 3 shows the upper limit of fPBH0 ≤ 1.6× 10−2 from
the null targeted search of BBHs with two sub-solar mass
components, assuming that PBHs take a flat distribution
in the mass range [0.2, 1]M".
It is worthy to note that the targeted search of BBHs

with a sub-solar mass and a super-solar mass components
will improve the detectable limit of fPBH by an order of
O(102 ∼ 103), comparing to the targeted search for BBHs
with two sub-solar mass BHs as shown in Fig. 2.

III. DISTINGUISH PBHS FROM ABHS BY
SUPER-SOLAR MASS BHS

Besides the method of using sub-solar mass BBHs to
distinguish PBHs from ABHs, there is another way by ex-
ploring the redshift evolution of the event rate of super-



HKUST 14/01/2022
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[See e.g. Eda et al. 1301.5971, 1408.3534]

[Chandrasekhar, 1943]

21

BHs as portals to a potential DM discovery: Study of 
anomalous waveforms

17

[BJK, Nichols, Gaggero, Bertone, 2002.12811]

Dark Matter ‘de-phasing’ revisited

2) Can GW events be used to 
understand the nature of the 
DM (whatever the candidate)? 

—> Study of Dephased 
waveforms in “Dressed” IMRIs 
(Intermediate-Mass Inspiral 
Events)
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Dark Matter Mini-Spikes

We expect over-densities of DM with power-law density profile around black holes 
formed in the early Universe

Dark Matter, Black Holes and Gravitational WavesBradley J. Kavanagh (IFCA, Santander)

Dark Matter ‘Mini-spikes’

12

[astro-ph/9906391, astro-ph/0501555, astro-ph/0501625, astro-ph/0509565, 0902.3665, 1305.2619]
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Depending on the formation mechanism of the IMBH,  
expect an over-density of DM:

IMBH

DM

For BH forming in an NFW halo, 
from adiabatic growth expect: 

          �sp = 7/3 � 2.333
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- Around PBHs from early in the 
radiation era to z ~ 30 [Mack+ 
0608642, Eroshenko 1607.00612, 
Adamek+ 1901.08528]    

- Around hypothetical IMBHs and 
SMBHs [Gondolo&Silk 9906391, 
Zhao&Silk 0501625, Hannuksela+ 
1906.11845]
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MIMBH = 1000 MSun
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Parameter Astrophysical Primordial

m1 [M�] 103 103

m2 [M�] 1.4 1.4

⇢6 [1015 M�/pc3] 5.448 5.345

⇢sp [M�/pc3] 226 1.798 ⇥ 104

�sp 7/3 = 2.3 9/4 = 2.25

DL [Mpc] 76 76

mDM(< 10�6 pc) [M�] 0.102 0.090

TABLE I. The dark dress benchmarks whose discover-
ability and measurability we study. The rows indicate
the black hole masses (defined in the detector frame), initial
dark matter halo parameters, luminosity distance and amount
of dark matter contained within 10�6 pc. Assuming a Planck
cosmology, the redshift of the systems is 0.017.

VI. RESULTS

Our analysis of the detectability, discoverability and
measurability of dark dresses focuses on the astrophysi-
cal and primordial black hole benchmarks introduced in
Section II, whose parameters are given in Table I. Their
masses are defined in the detector frame, and thus re-
lated to the source-frame ones through the redshift via
mdet = msrc(1+z). We assume LISA measures their sig-
nals for five years before the coalescence. This is slightly
longer than the nominal mission lifetime of four years but
well within the total potential lifetime of ten years [15].

The prior impacts the Bayes factor calculation by
changing the parameter space volume and a↵ects the pos-
teriors when they impinge on the prior boundary. For the
prior on �sp we use a uniform distribution U(2.25, 2.5).
This is the parameter range expected for an astrophysi-
cal dark dress that formed in a DM halo with an initial
slope 0  ↵  2, roughly the values consistent with
simulations (see Section II). We also used this range
to calibrate our waveform model. We use a uniform
prior U(0, 2.88 ⇥ 1018 M�/pc3) on ⇢6, which amply cov-
ers the benchmark values and the possibility that the
system formed in a substantially denser dark matter en-
vironment than expected. The prior on log10 q is set to
U(�3.5, �2.5), corresponding to the range of mass ratios
for which we can reliably model the DM halo’s evolution
and extract the frequency scale fb. Lastly, for the dark
dress and vacuum systems we use the same uniform prior
on the chirp mass. We take the prior broad enough to
encompass the posterior in the M direction; the precise
range does not matter, because it cancels in the dark-
dress to GR-in-vacuum evidence ratio in the Bayes fac-
tor.12

We start by assessing detectability. The signal-to-noise
ratio (SNR) of a vacuum binary is plotted in Fig. 5 as

FIG. 5. Detectability: signal-to-noise ratios for a vac-
uum binary as a function of chirp mass and luminosity
distance. The solid red contour highlights a reasonable de-
tection threshold for IMRIs [75]. The chirp mass and distance
of the benchmarks we analyze are indicated by the dashed red
lines. As explained in the text, including the e↵ects of the
dark dress does not significantly impact this plot.

a function of chirp mass and distance. Since the de-
phasing of a dark dress is quite small relative to its to-
tal phase, we found its SNR is very well approximated
by the corresponding system without dark matter. In
contrast, when the evolution of the dark matter halo
is neglected, the SNR falls o↵ steeply for large ⇢6 and
�sp. This is because the amplitude of the strain scales
as A / �̈�1/2

/ [df/dt ]�1/2 [cf. Eqs. (B6) to (B8)].
Since the dynamical friction e↵ect is significantly larger
for a static dress than a dynamical one, the frequency
increases more rapidly with time, leading to a smaller
amplitude and consequentially a smaller SNR.

Dark dresses out to ⇠ 75 Mpc with chirp masses above
⇠ 16 M� would be detectable by LISA. While we as-
sume a five-year observing window immediately preced-
ing merger, heavier systems are detectable at this dis-
tance even earlier in their inspirals. For example, a sys-
tem with component masses 105 M� and 100 M� would
have SNR higher than 15 if observed during any five year
window within 100 yr of coalescence. Additionally this
detection horizon easily encompasses the Virgo Super-
cluster and the larger Laniakea Supercluster [88], which
contains ⇠ 1017 M� of matter. This suggests ample op-

12
Nested sampling is slow to converge when the prior is much wider

than the posterior [86]. Since we use uniform priors, when nec-

essary we adopt narrow priors to carry out nested sampling that

enclose the posterior’s support and subsequently rescale the evi-

dence. A rough estimate of the posterior’s support was obtained

using the Markov Chain Monte Carlo sampler emcee [87].
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MIMBH = 1000 M�

µ = 1 M�
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A Unique Multi-Messenger Signal of QCD Axion Dark Matter

Thomas D. P. Edwards,⇤ Marco Chianese,† Bradley J. Kavanagh,‡ Samaya M. Nissanke,§ and Christoph Weniger¶

Gravitation Astroparticle Physics Amsterdam (GRAPPA),
Institute for Theoretical Physics Amsterdam and Delta Institute for Theoretical Physics,
University of Amsterdam, Science Park 904, 1090 GL Amsterdam, The Netherlands

(Dated: May 14, 2019)

We propose a multi-messenger probe of the natural parameter space of QCD axion dark matter
based on observations of black hole-neutron star binary inspirals. It is suggested that a dense dark
matter spike may grow around intermediate mass black holes. The presence of such a spike produces
two unique e↵ects: a distinct phase shift in the gravitational wave strain during the inspiraling period
and an enhancement of the radio emission due to the resonant axion-photon conversion occurring in
the neutron star magnetosphere. Remarkably, the observation of the gravitational wave signal can
be used to infer the dark matter density and, consequently, to predict the radio emission. We study
the projected sensitivity to the axion-photon coupling in the light of the LISA interferometer and
next-generation radio telescopes such as the Square Kilometre Array. Given a su�ciently nearby
detection, such observations will explore the QCD axion in the mass range 10�7 eV to 10�5 eV.

Introduction — The particle nature of Dark Mat-
ter (DM) remains a mystery to physicists [1, 2] despite
numerous experimental e↵orts to observe its e↵ects in
lab-based experiments and indirectly through astrophys-
ical observations [3–6]. Another fundamental indication
of New Physics comes from the strong CP problem of
quantum chromodynamics (QCD) [7]. CP violation in
the QCD sector could generically be large but instead
appears to be fine-tuned below observable limits. The
most popular solution to this issue is the Peccei-Quinn
mechanism, which predicts the existence of the axion [8–
11]. Axion-like particles are also predicted in several ex-
tensions of the Standard Model and they are expected to
appear in string theory [12]. However, only in the case of
the QCD axion is there a tight relation between its mass
and its couplings with ordinary matter [13–17].

These two fundamental issues can be addressed simul-
taneously by treating the QCD axion as a DM candi-
date [18]. The DM axion may be produced with the
correct relic abundance through the misalignment mech-
anism [19] (though see e.g. Refs. [20, 21] for alternatives).
So far, only a small part of the axion parameter space
has been explored [22, 23]. However, new experimen-
tal techniques to search for axions have been recently
proposed [24–33] (see Ref. [34] for a comprehensive re-
view). Furthermore, it has recently been noted that the
Primakov e↵ect can e�ciently convert axions to photons
in the magnetic fields of Neutron Stars (NSs). These
photons are potentially observable with current and fu-
ture radio telescopes, provided the axion-photon coupling
strength is large enough [35, 36].

The recent discovery of Gravitational Waves (GWs)
has provided a new observational portal into extreme as-

⇤ t.d.p.edwards@uva.nl
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FIG. 1. Illustration of the IMBH-DM-NS system. The
presence of an axion DM halo around the intermediate mass
black hole (IMBH) produces a phase shift in the strain of
the GW signal and radio emission due to its conversion into
photons in the neutron star (NS) magnetosphere.

trophysical environments [37]. The detection of the bi-
nary NS merger GW170817 and follow up electromag-
netic counterparts further revolutionised astrophysics
and truly defined the beginning of the multi-messenger
era [38, 39]. GWs have recently been shown to also
provide a new probe of beyond the standard model
(BSM) physics through a process known as superradi-
ance [40, 41]. References [42, 43] have shown that the
presence of a DM mini-spike around an intermediate mass
black hole (IMBH) can dramatically a↵ect the GW wave-
form through dynamical friction, providing yet another
direct probe of BSM physics.

In this Letter, we explore the possibility of probing the
natural range of QCD axion DM parameters with multi-
messenger astronomy. To make this possible we utilise
the combined signal of GWs and radio emission from a
NS inspiraling towards an IMBH surrounded by a dense
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1 Intermediate mass ratio inspirals in presence of Dark Matter: A simpli-
fied treatment

We consider the following system:

• An IMBH with mass MIMBH = 1000 M� surrounded by a DM spike characterized by
a density profile

⇢(r) = ⇢0

✓
r

r0

◆��

(1.1)

with ⇢0 = 226M�/pc3 and � = 7/3

• A black hole with mass Mtest = 1 M� orbiting around the IMBH and inside the DM
spike with

r0 = 226
GMIMBH

c2

. No initial eccentricity.

We define the total mass and symmetric mass ratio as follows:

Mtot = MIMBH +Mtest (1.2)

⌫ =
MIMBH Mtest

M2
(1.3)

We follow the motion of the solar-mass black hole around the IMBH (which is kept
fixed at r = 0) by integrating the equation of motion:

Mtest r̈ = Fgrav(r, v) + Fdyn(r, v) + Frad(r, v) (1.4)

The forces we take into account are:

- The gravitational pull of the IMBH + DM halo

Fgrav(r, v) = �Mtest

G(MIMBH +Mhalo,enclosed)

r3
r (1.5)

– 1 –

(a) Orbit (b) Velocity evolution

(c) Time evolution of the energy of the binary system

Figure 1: Time evolution of the system with radiation reaction and dynamical friction taken
into account.

- The dynamical friction due to the gravitational interactions with the particles making
up the DM spike. We write Chandrasekhar formula as follows (See for instance [2]):

Fdyn(r, v) = �Mtest

4⇡ ln(⇤)G2Mtest ⇢(r)

v3
v, (1.6)

where, in our case, ln(⇤) = 3

– 2 –

clarify this point...

- The radiation reaction due to GW emission, modeled at 3.5PN order as in [1] (eq. 226):

Frad(r, v) = �32

5
Mtest

G3M3
tot ⌫

c5r4

✓
1 + �

✓
�743

336
� 11

4
⌫

◆◆
v (1.7)

The initial conditions are:

(x0, y0) =

✓
0, 226

GMIMBH

c2

◆

(vx0, vy0) =

 r
G(MIMBH +Mhalo,enclosed)

r
, 0

!

We get r(t) and v(t) by integrating the equation of motion.
We define the total energy of the black-hole-binary system as

Ebin(t) = �1

2

GMIMBHMtest

r(r)
(1.8)

We want to monitor the evolution of Ebin with time while the small black hole inpirals
towards the IMBH (part of the energy is lost because of gravitational friction (and eventually
heats up the DM halo), part of the energy is lost to gravitational waves).

The results of the numerical integration of the equation of motion can be seen in Fig. 1

2 Intermediate mass ratio inspirals in presence of Dark Matter: Numerical
simulations

3 Discussion

4 Summary

– 3 –
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We define the total mass and symmetric mass ratio as follows:

Mtot = MIMBH +Mtest (1.2)

⌫ =
MIMBH Mtest

M2
(1.3)

We follow the motion of the solar-mass black hole around the IMBH (which is kept
fixed at r = 0) by integrating the equation of motion:

Mtest r̈ = Fgrav(r, v) + Fdyn(r, v) + Frad(r, v) (1.4)

The forces we take into account are:

- The gravitational pull of the IMBH + DM halo

Fgrav(r, v) = �Mtest

G(MIMBH +Mhalo,enclosed)

r3
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8

accuracies of the DM parameters as we will discuss later would not be affected seriously by higher order terms
in the PN expansion.
Until the previous sections, we have included both the dynamical friction and the gravitational pull of the DM

mini-spike. It is easily shown that the dynamical effect has much more impact on the measurement accuracy of
the DM parameters than the DM mini-spike does [25], and the above expression indeed includes the dynamical
friction but not the gravitational pull of the DM mini-spike. In fact, within the approximation in this subsection
and the following, the gravitational potential of the DM mini-spike shows its signature only in the IMBH mass
redefinition (MBH → Meff in Mc in the above equations). We however note that even such a tiny effect as the
gravitational pull of the DM mini-spike do affect the detectability of GW thanks to the large number of the
GW cycles in the eLISA detection band [23].
It is important to note that the DM parameters appear only in α and cε and that they are contained in

the GW phase Φ̃ (f). We make use of the above equations to calculate measurement errors of the waveform
parameters in the next section. We also define the phase difference ∆Φ̃ (f) by

∆Φ̃ (f) ≡ Φ̃ (f)− Φ̃0 (f) , (29)

where Φ̃ (f) defined by Eq. (28c) is the phase including the DM effect and Φ̃0 (f) defined by Eq. (A15d) is
the phase without the DM effect. ∆Φ̃ (f) is shown in Fig. 1 which indicates that the phase difference becomes
significant for large α and for the large GW frequency f . This is because in this case, the DM density near the
central BH increases and the effect of the DM on the motion of the stellar mass object is significant. As we
discussed in our previous paper [23], the phase difference causes the mismatch between the waveform including
the DM effect and the waveform without the DM effect. The phase difference ∆Φ̃ (f) typically above 1 indicates
the necessity to use the waveform including the DM effect as a template. As can be seen in Fig. 1, if the template
without the DM effect is applied to the GW signal including the effect induced by the DM with α > 1.5, the
resulting S/N would degrade significantly.
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FIG. 1: The accumulated phase difference ∆Φ̃ against the power-law index α, defined by Eq. (29). In essence, this is
the difference between the accumulated phase from GW frequency f and the binary coalescence with and without the
DM mini-spike. Three different curves show ∆Φ̃ for three different values of α. For instance, if detecting a binary GW
from f = 0.01Hz to its coalescence, we would observe by a factor of 107 more GW cycles in the case with a α = 7/3 DM
mini-spike than without any. For this plot, we take µ = 1M! and ρsp, rsp, and MBH are as listed in the table I.

IV. PARAMETER RESOLUTION FOR ELISA

A. Brief review of the Fisher analysis

In this subsection, we give a brief review of parameter estimation (see [42, 43] for more details). Let us
consider detecting GWs with a single detector. The detector output s (t) can be written by the sum of the GW
signal h (t) and detector noise n (t):

s (t) = h (t) + n (t) . (30)

Assuming that the detector noise is stationary, the correlation between different Fourier components of the noise
is expressed as

〈ñ (f) ñ∗ (f ′)〉 = 1

2
δ (f − f ′)Sn (f) , (31)

• The IMRI evolves due to:  
• gravitational pull  
• dynamical friction from the DM 
• back-reaction from its 

gravitational wave (GW) 
radiation  

• Resulting inspiral gravitational 
wave is modified and shows a 
dephasing 
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• Realistic assessments (taking into 
account the feedback on the DM 
spike): 
• Anticipated merger and dephased 

signal can be detectable. 
• “DM spike” parameters measurable! 

A Science Case for LISA!

2

Compact 
Object

 Intermediate Mass
Black Hole

Dark Matter 'spike'

FIG. 1. Intermediate mass-ratio inspiral (IMRI) sys-
tem with a dark matter “spike.” A central intermediate-
mass black hole (IMBH) of mass m1 is orbited by a lighter
compact object m2 < m1 at an orbital radius r2. The IMBH
is also surrounded by a “spike” of dark matter with density
profile ⇢DM(r).

both the vacuum inspiral, and to the unphysical case of
a static DM halo. We demonstrate that the dephasing
of the gravitational waveform induced by dark matter is
smaller than previously assumed, but is still potentially
detectable by the LISA mission, which will have a peak
sensitivity at frequencies between 10�3 and 10�2 Hz [41].
It could thus provide a powerful diagnostic of the particle
nature of dark matter.

The paper is organized as follows: in Sec. II, we demon-
strate that the standard approach to the dephasing signal
induced by DM minispikes is likely to violate energy con-
servation; in Sec. III, we present N -body simulations to
validate our model for dynamical friction; in Sec. IV, we
present our prescription for evolving the phase space dis-
tribution of DM; in Sec. V, we use this prescription to
follow the evolution of the binary and the DM spike self-
consistently; finally, in Sec. VI, we discuss some caveats
of this work and possible implications for the detection of
such a DM spike in intermediate mass-ratio inspirals in
the future. We conclude in Sec. VII, and we have several
supplementary results in four appendices.

II. ENERGY BALANCE CONSIDERATIONS
FOR STATIC DARK MATTER HALOS

In this section, we describe the evolution of a system
composed of a central IMBH with a surrounding DM
spike and a lighter compact object (e.g. a neutron star)
orbiting around the IMBH and through its DM cloud.
This is illustrated in Fig. 1. We model the evolution of
this system using Newtonian gravity, and we include dis-

sipative e↵ects arising from dynamical friction and grav-
itational radiation. Following Eda et al. [26, 27], we ne-
glect any feedback on the DM halo in this section, and
we consider only circular orbits.

A. Notation for IMBH system and DM
distribution

We first define several notions of masses for the binary
and the DM distribution. We will denote the mass of
the IMBH by m1 and the mass of the small compact
object by m2. Other definitions of masses we will need
are M = m1 + m2, the total mass; q = m2/m1  1,
the mass ratio; µ = m1m2/M , the reduced mass; and
Mc = µ3/5M2/5, the chirp mass.

We assume that the IMBH is surrounded by a DM
spike, formed as the adiabatic growth of the black hole
enhances the central density of the host halo [18, 20, 42–
44]. The dark-matter distribution will be given by

⇢DM(r) =

⇢
⇢sp

� rsp
r

��sp rin  r  rsp
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where r is the distance from the center of the IMBH. We
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distance r. The result is
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With this notation set, we can now more easily discuss
issues related to energy balance.

B. Gravitational potential energy of the DM
distribution

To compute the total potential energy in the distribu-
tion of DM, we determine the amount of work required
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For a heavier central IMBH of m2 = 104 M�, the bind-

ing energy available in the DM spike is larger. As shown
in Fig. 3, this available energy is on the same order as
the work done by dynamical friction. This is reflected in
the smaller di↵erence between the results for the static
and dynamic spikes. The dephasing would appear as
a roughly 0.5% e↵ect if we assumed a static spike; the
dephasing e↵ect is reduced by a further 50% once we in-
corporate dynamic feedback of the DM. For a spike with
slope �sp = 7/3, the dephasing e↵ect still corresponds to
a di↵erence of around 7400 GW cycles.

We note that assuming a static halo, the size of the
dephasing e↵ect is smaller for a heavier IMBH because
dynamical friction is subdominant to GW energy losses
(for the initial separations we consider here). However,
due to the tighter gravitational binding, the impact of
allowing for a dynamic DM spike is smaller for a heavier
IMBH. Thus, in the dynamic case, the dephasing e↵ect
is larger for a central BH of mass m1 = 104 M� than
for m1 = 103 M�. This suggests that a mass ratio q =
O(10�4) is a promising target for detecting the e↵ect of
a DM spike on the gravitational waveform.

While the dephasing including halo feedback is still
smaller than that predicted by Eda et al., we expect
that the qualitative conclusions of [27] should still hold:
namely, that the e↵ects of the DM on the emitted GWs
will allow properties of the DM distribution to be mea-
sured from the observed GWs by an interferometer like
LISA. We leave computation of how well LISA will be
able to measure the properties of the DM spike to future
work.

Finally, for a central IMBH of m1 = 105 M�, incor-
porating feedback appears to lead to a percent-level cor-
rection to the dephasing e↵ect. Such percent-level cor-
rections are important if we wish to model the IMRI
waveform to high precision. However, the overall size
of the dephasing e↵ect is much smaller, and di↵erence in
�Ncycles between the static and dynamic case is typically
smaller than our numerical accuracy of O(100) cycles.
Even so, such a small di↵erence is in line with our expec-
tations from right panel of Fig. 3, which shows that the
binding energy of the DM halo is typically larger than
the work done by dynamical friction, due to the larger
potential of the central IMBH. Further refinements to
our numerical procedure will be required to determine
the precise size of the dephasing e↵ect in this case.

As well as reducing the number of GW cycles, dynam-
ical friction is also expected to shorten the inspiral time
between two fixed frequencies [32] and change the density
profile of the DM mini-spike. In Fig. 10, we plot spec-
trograms, showing the frequency evolution of the GW
signal with time, starting from a fixed initial frequency.
For a mass ratio q = 10�3, the assumption of a static
DM spike implies that a 5-year inspiral in vacuum would
be shortened by more than 1 year in the presence of a
DM spike with �sp = 7/3. However, our self-consistent
model substantially reduces the size of the e↵ect, lead-
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FIG. 10. Frequency evolution of the IMRI system.
Gravitational wave frequency of the binary as a function of
time, starting approximately 5 years before the merger. The
black curve shows the evolution in the absence of a DM spike,
while the colored curves show the evolution for spikes with
characteristic density ⇢sp = 226 M�/pc3 and di↵erent slopes
�sp. Note that 2.3 = 7/3. Top: mass ratio q = 10�3. Bot-
tom: mass ratio q = 10�4.

ing to an inspiral which is just 4 days shorter than the
vacuum case. We also see that the inspiral time is very
sensitive to the slope of the DM distribution, rapidly be-
coming undetectable for a mild slope of �sp = 3/2. For
a mass ratio q = 10�4, the impact of allowing for a dy-
namic spike is less extreme, though still gives an O(1)
change. The inspiral is shorter by around 53 days in the
static case, reduced to around 20 days in the dynamic
case.

Finally, we show in Fig. 11 the e↵ect of the inspiral
on the density profile of the DM mini-spike. Here, again
we assume a central IMBH mass of 103 M� and a fidu-
cial spike with ⇢sp = 226M�/pc3 and slope �sp = 7/3 =
2.333 . . . ⌘ 2.3. We notice that, after the inspiral, the
DM density at each radius is altered at most by a factor
of 2 with respect to the initial configuration (for a com-
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FIG. 1. Intermediate mass-ratio inspiral (IMRI) sys-
tem with a dark matter “spike.” A central intermediate-
mass black hole (IMBH) of mass m1 is orbited by a lighter
compact object m2 < m1 at an orbital radius r2. The IMBH
is also surrounded by a “spike” of dark matter with density
profile ⇢DM(r).

both the vacuum inspiral, and to the unphysical case of
a static DM halo. We demonstrate that the dephasing
of the gravitational waveform induced by dark matter is
smaller than previously assumed, but is still potentially
detectable by the LISA mission, which will have a peak
sensitivity at frequencies between 10�3 and 10�2 Hz [41].
It could thus provide a powerful diagnostic of the particle
nature of dark matter.

The paper is organized as follows: in Sec. II, we demon-
strate that the standard approach to the dephasing signal
induced by DM minispikes is likely to violate energy con-
servation; in Sec. III, we present N -body simulations to
validate our model for dynamical friction; in Sec. IV, we
present our prescription for evolving the phase space dis-
tribution of DM; in Sec. V, we use this prescription to
follow the evolution of the binary and the DM spike self-
consistently; finally, in Sec. VI, we discuss some caveats
of this work and possible implications for the detection of
such a DM spike in intermediate mass-ratio inspirals in
the future. We conclude in Sec. VII, and we have several
supplementary results in four appendices.

II. ENERGY BALANCE CONSIDERATIONS
FOR STATIC DARK MATTER HALOS

In this section, we describe the evolution of a system
composed of a central IMBH with a surrounding DM
spike and a lighter compact object (e.g. a neutron star)
orbiting around the IMBH and through its DM cloud.
This is illustrated in Fig. 1. We model the evolution of
this system using Newtonian gravity, and we include dis-

sipative e↵ects arising from dynamical friction and grav-
itational radiation. Following Eda et al. [26, 27], we ne-
glect any feedback on the DM halo in this section, and
we consider only circular orbits.

A. Notation for IMBH system and DM
distribution

We first define several notions of masses for the binary
and the DM distribution. We will denote the mass of
the IMBH by m1 and the mass of the small compact
object by m2. Other definitions of masses we will need
are M = m1 + m2, the total mass; q = m2/m1  1,
the mass ratio; µ = m1m2/M , the reduced mass; and
Mc = µ3/5M2/5, the chirp mass.

We assume that the IMBH is surrounded by a DM
spike, formed as the adiabatic growth of the black hole
enhances the central density of the host halo [18, 20, 42–
44]. The dark-matter distribution will be given by

⇢DM(r) =

⇢
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, (2.1)

where r is the distance from the center of the IMBH. We
define the inner radius of the spike to be rin = 4Gm1/c2

following the results in [42]. We will not treat the DM
distribution at distances r > rsp. We also will not treat
rsp as a free parameter, but as determined by m1, ⇢sp
and �sp via

rsp ⇡
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. (2.2)

This assumes that rsp ⇡ 0.2rh, where rh is defined from
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⇢DM(r)4⇡r2 dr = 2m1 , (2.3)

as in [27]. We can now compute the DM mass within a
distance r. The result is

menc(r) =

⇢
mDM(r) � mDM(rin) rin  r  rsp
0. r < rin

,

(2.4)
where

mDM(r) =
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With this notation set, we can now more easily discuss
issues related to energy balance.

B. Gravitational potential energy of the DM
distribution

To compute the total potential energy in the distribu-
tion of DM, we determine the amount of work required
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FIG. 7. Measurability: marginal posteriors for intrinsic parameters for the astrophysical dark dress benchmark
(first row in Table I). The red lines indicate the true parameter values, with the chirp mass defined in the detector frame.
The 2D contours show the 68%, 95% and 99.7% credible regions. The dashed vertical lines overlaying the 1D marginal posteriors
indicate the 95% credible interval and median. All posteriors have been smoothed by 1.5% with a Gaussian kernel. Note that
the parameter ranges used here are narrower than those used for the Bayes factor calculations in Fig. 6.

negative PN-order e↵ect for circular orbits, so it will not
be confused with standard PN corrections.

We also assumed that the DM halo is spherically sym-
metric and isotropic. However, the binary is not spheri-
cally symmetric, so we eventually expect this description
to break down. In particular, there should be a transfer
of angular momentum from the binary to the dark matter
spike. We argue in Paper I that this e↵ect is small, and
it goes in the direction of making the dephasing larger,
due to the decreased relative velocity (and therefore in-
creased dynamical friction) between the compact object

and co-rotating dark matter particles. We conclude that
the numerical modeling presented here is conservative,
and corrections due to angular momentum injection are
higher order.

We have focused on the final 5 years of the inspiral,
having in mind a 5-year LISA mission. Of course, there
is no guarantee that the merger event described here will
occur during the LISA observation period. If the system
were to be observed at a much earlier stage, the signal-
to-noise ratio and the amount of dephasing could di↵er
significantly.
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FIG. 1. Intermediate mass-ratio inspiral (IMRI) sys-
tem with a dark matter “spike.” A central intermediate-
mass black hole (IMBH) of mass m1 is orbited by a lighter
compact object m2 < m1 at an orbital radius r2. The IMBH
is also surrounded by a “spike” of dark matter with density
profile ⇢DM(r).

both the vacuum inspiral, and to the unphysical case of
a static DM halo. We demonstrate that the dephasing
of the gravitational waveform induced by dark matter is
smaller than previously assumed, but is still potentially
detectable by the LISA mission, which will have a peak
sensitivity at frequencies between 10�3 and 10�2 Hz [41].
It could thus provide a powerful diagnostic of the particle
nature of dark matter.

The paper is organized as follows: in Sec. II, we demon-
strate that the standard approach to the dephasing signal
induced by DM minispikes is likely to violate energy con-
servation; in Sec. III, we present N -body simulations to
validate our model for dynamical friction; in Sec. IV, we
present our prescription for evolving the phase space dis-
tribution of DM; in Sec. V, we use this prescription to
follow the evolution of the binary and the DM spike self-
consistently; finally, in Sec. VI, we discuss some caveats
of this work and possible implications for the detection of
such a DM spike in intermediate mass-ratio inspirals in
the future. We conclude in Sec. VII, and we have several
supplementary results in four appendices.

II. ENERGY BALANCE CONSIDERATIONS
FOR STATIC DARK MATTER HALOS

In this section, we describe the evolution of a system
composed of a central IMBH with a surrounding DM
spike and a lighter compact object (e.g. a neutron star)
orbiting around the IMBH and through its DM cloud.
This is illustrated in Fig. 1. We model the evolution of
this system using Newtonian gravity, and we include dis-

sipative e↵ects arising from dynamical friction and grav-
itational radiation. Following Eda et al. [26, 27], we ne-
glect any feedback on the DM halo in this section, and
we consider only circular orbits.

A. Notation for IMBH system and DM
distribution

We first define several notions of masses for the binary
and the DM distribution. We will denote the mass of
the IMBH by m1 and the mass of the small compact
object by m2. Other definitions of masses we will need
are M = m1 + m2, the total mass; q = m2/m1  1,
the mass ratio; µ = m1m2/M , the reduced mass; and
Mc = µ3/5M2/5, the chirp mass.

We assume that the IMBH is surrounded by a DM
spike, formed as the adiabatic growth of the black hole
enhances the central density of the host halo [18, 20, 42–
44]. The dark-matter distribution will be given by
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⇢
⇢sp

� rsp
r

��sp rin  r  rsp
0. r < rin

, (2.1)

where r is the distance from the center of the IMBH. We
define the inner radius of the spike to be rin = 4Gm1/c2

following the results in [42]. We will not treat the DM
distribution at distances r > rsp. We also will not treat
rsp as a free parameter, but as determined by m1, ⇢sp
and �sp via
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This assumes that rsp ⇡ 0.2rh, where rh is defined from
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as in [27]. We can now compute the DM mass within a
distance r. The result is
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,
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With this notation set, we can now more easily discuss
issues related to energy balance.

B. Gravitational potential energy of the DM
distribution

To compute the total potential energy in the distribu-
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Conclusions

•  The field of Indirect Dark Matter Detection became broader 
and more complex over the years. Many DM candidates under 
scrutiny. 

•  Many claims were discussed and challenged, espacially in 
the antiparticle and gamma-ray channel. No claim was firmly 
confirmed 

•  Waiting for new amazing data on both ends of the gamma-ray 
spectrum: from sub-GeV to multi-TeV

•  Gravitational Wave window is extremely promising. 
Contribution of Primordial Black Holes to the Dark Matter? 
Exploting Black Holes as portals to a Dark Matter discovery?
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