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ΛCDM Cosmological model: very successful!



Growing tensions in ΛCDM cosmology…

Despite its successes, recent precision measurements show disagreements

•H0 tension 

•Large scale structure tension 

•Sub-galactic dark matter structure problems (core/cusp, too big to fail, dwarf galaxies, etc.)
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Growing tensions in ΛCDM cosmology…

Is it surprising we see tensions? 

•ΛCDM is only a macroscopic model 

•Precision cosmology necessitates a microphysical model whose “coarse graining” should 

mimic ΛCDM. 

Despite its successes, recent precision measurements show disagreements

•H0 tension 

•Large scale structure tension 

•Sub-galactic dark matter structure problems (core/cusp, too big to fail, dwarf galaxies, etc.)
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S8 tension
Inferred measurements 
assuming known dynamics

A direct measure of the 
normalization of the power 
spectrum



Two forms of modifications to ΛCDM 


Early universe solutions (change the distance to the last 
scattering surface) 


Late universe solutions (reshuffle the energy density of the 
universe at late times)



Early dark energy solution


Increase the energy density by about 10% before 
recombination, i.e., move the sound horizon to earlier times.
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A light scalar field can act as dark energy (Early Dark energy)
<latexit sha1_base64="xtulwVv9RdWIx7wtaONVm7aKuPw=">AAACEnicbZBNS8MwGMfT+TbnW9Wjl+AQFGG0OtSLMPCy4wbuBdZS0jTdwtK0JKkwysBv4MWv4sWDIl49efPbmG47zM0/BH78nydP8vz9hFGpLOvHKKysrq1vFDdLW9s7u3vm/kFbxqnApIVjFouujyRhlJOWooqRbiIIinxGOv7wLq93HoiQNOb3apQQN0J9TkOKkdKWZ545QRCrzEkGdAzP4SWsQ2feaHs5wVtoeWbZqlgTwWWwZ1AGMzU881tPwmlEuMIMSdmzrUS5GRKKYkbGJSeVJEF4iPqkp5GjiEg3m6w0hifaCWAYC324ghN3/kaGIilHka87I6QGcrGWm//VeqkKb9yM8iRVhOPpQ2HKoIphng8MqCBYsZEGhAXVf4V4gATCSqdY0iHYiysvQ/uiYl9Vqs1qudZ8nMZRBEfgGJwCG1yDGqiDBmgBDJ7AC3gD78az8Wp8GJ/T1oIxi/AQ/JHx9QsLjpxB</latexit>

�̈+ 3H�̇+ V� = 0

Equation of state
<latexit sha1_base64="3o6uWDNSYMvilCSIV4nHVd3PzdY="></latexit>

w� =
�̇2/2� V (�)

�̇2/2 + V (�)

For we have 
<latexit sha1_base64="gMFlHsM6WFE97h5GHmNgH/buoVg=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVop6k4KXHFty20C4lm2bb0CS7JFmhLAX/gRcPinj1B3nz35hue9DWBwOP92aYmRcmnGnjut9OYWNza3unuFva2z84PCofn7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsn93O88UqVZLB/MNKGBwCPJIkawsZLfQHdIDMoVt+rmQOvEW5IKLNEclL/6w5ikgkpDONa657mJCTKsDCOczkr9VNMEkwke0Z6lEguqgyw/doYurDJEUaxsSYNy9fdEhoXWUxHaToHNWK96c/E/r5ea6DbImExSQyVZLIpSjkyM5p+jIVOUGD61BBPF7K2IjLHCxNh8SjYEb/XlddK+qnrX1VqrVqm3nhZxFOEMzuESPLiBOjSgCT4QYPAMr/DmSOfFeXc+Fq0FZxnhKfyB8/kDxOyOdw==</latexit>

H > m
<latexit sha1_base64="a665hfvG7qfSj5ptQmQIvB1CsNw=">AAAB83icbZBLSwMxFIXv+Kz1VXXpJlgEN5YZKeqy4MZlC/YBnaFk0kwbmklCklFLKfgr3LhQxK1/xp3/xvSx0NYDgY9zbsjNiRVnxvr+t7eyura+sZnbym/v7O7tFw4OG0ZmmtA6kVzqVowN5UzQumWW05bSFKcxp814cDPJm/dUGybFnR0qGqW4J1jCCLbOCh9QiJXS8hGdB51C0S/5U6FlCOZQhLmqncJX2JUkS6mwhGNj2oGvbDTC2jLC6TgfZoYqTAa4R9sOBU6piUbTncfo1DldlEjtjrBo6v6+McKpMcM0dpMptn2zmE3M/7J2ZpPraMSEyiwVZPZQknFkJZoUgLpMU2L50AEmmrldEeljjYl1NeVdCcHil5ehcVEKLkvlWrlYqT3N6sjBMZzAGQRwBRW4hSrUgYCCZ3iFNy/zXrx372M2uuLNKzyCP/I+fwAtRJGV</latexit>

w ⇡ �1
Poulin et al., PRL 122 221301 (2019)

<latexit sha1_base64="lQn/nIvKBOWjQPiHedpVs2LbvdI="></latexit>

V = V0[1� cos(�/f)]n, V0 ⌘ m2f2

Axion-like potential



<latexit sha1_base64="xtulwVv9RdWIx7wtaONVm7aKuPw=">AAACEnicbZBNS8MwGMfT+TbnW9Wjl+AQFGG0OtSLMPCy4wbuBdZS0jTdwtK0JKkwysBv4MWv4sWDIl49efPbmG47zM0/BH78nydP8vz9hFGpLOvHKKysrq1vFDdLW9s7u3vm/kFbxqnApIVjFouujyRhlJOWooqRbiIIinxGOv7wLq93HoiQNOb3apQQN0J9TkOKkdKWZ545QRCrzEkGdAzP4SWsQ2feaHs5wVtoeWbZqlgTwWWwZ1AGMzU881tPwmlEuMIMSdmzrUS5GRKKYkbGJSeVJEF4iPqkp5GjiEg3m6w0hifaCWAYC324ghN3/kaGIilHka87I6QGcrGWm//VeqkKb9yM8iRVhOPpQ2HKoIphng8MqCBYsZEGhAXVf4V4gATCSqdY0iHYiysvQ/uiYl9Vqs1qudZ8nMZRBEfgGJwCG1yDGqiDBmgBDJ7AC3gD78az8Wp8GJ/T1oIxi/AQ/JHx9QsLjpxB</latexit>

�̈+ 3H�̇+ V� = 0<latexit sha1_base64="3o6uWDNSYMvilCSIV4nHVd3PzdY="></latexit>

w� =
�̇2/2� V (�)

�̇2/2 + V (�)

Can utilize axion-like potential to get the correct 

background dynamics


It works (solves the H0 problem), but predicts 

larger than observed S8 (more growth of structure). 


EDE in significant conflict with large scale structure
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I. INTRODUCTION

The origin of the gamma-ray excess in the multi-GeV
range, in observations of the galactic center by the Fermi-
LAT [1, 3, 7, 10, 12? , 13] is still a topic of debate. While
astrophysical sources could explain the signal, with mil-
lisecond pulsars being the favored candidate [5, 14, 15], is
still not clear whether the required numbers of millisec-
ond pulsars is consistent with theoretical and empirical
models [8]. Another possibility, is that the signal is the
signature of dark matter annihilating into charged par-
ticles which then lead to gamma rays. As of today, it
is still not possible to distinguish between the di↵erent
scenarios [4, 11].

In order to resolve the tension between the models
of dark matter that could fit the galactic center excess
and constraints coming from observations of the dwarf
spheroidal galaxies [2], Choquette et al [9] proposed the
p-wave annihilating Dark matter model. They take ad-
vantage of the higher velocity dispersion in the galactic
center compared to that in dwarf galaxies to assume a
velocity depended annihilation cross section for the dark
matter particle � which would lead to a suppression of
the annihilation rates in the dwarf galaxies. This as-
sumption leads to a problem though. A cross section of
h�vi ⇡ 3⇥ 1026cm3

/s is required to explain the galactic
excess today, but in the early universe it would have been
orders of magnitude larger which immediately rules out
the scenarios of a thermal origin for the relic density of
dark matter. They address this problem by introducing a
metastable predecessor dark matter particle  with ther-
mal origin, the decays of which give rise to the current
generation of p-wave annihilating dark matter �.

Among the decay scenarios they considered, they stud-
ied the case of a decay that includes a photon  ! ��

with an e↵ective interaction term analog of weak inter-
actions in the dark sector
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which leads to the annihilation rate
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where ⇤� is the heavy scale and �m = m �m�.
The same kind of interactions of a parent particle de-

caying into a massless and a massive daughter particles
was studied in Gordon et al [6]. The evolution of the mas-
sive particle’s equation of state was derived which allowed
for the complete description of the dynamical evolution
of the decaying dark matter model with two free param-
eters namely the lifetime ⌧ and the fraction of energy of
the parent particle transferred to the massless particle ✏.
Under the assumption that there are no decays before the
epoch of recombination at a scale factor of a? the energy
density of the the parent particle  is given by

⇢ (a) = Ae
���t(a)

a3
(3)

with the normalization constant A = ⇢c⌦cdme
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ing a function of the present value of the critical density
⇢c and the matter density ⌦cdm. The energy density of
the massless daughter particle is consequently given by
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while for the massive daughter particle is given by
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an integral equation that needs to be solved iteratively.
The velocity of the � particle is given by �2
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Then using the cosmological information encoded in
the observed brightness of supernovae of type Ia (SNIa),
it was possible to constraint the two free parameters

To solve this problem: Decaying dark matter
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lisecond pulsars being the favored candidate [5, 14, 15], is
still not clear whether the required numbers of millisec-
ond pulsars is consistent with theoretical and empirical
models [8]. Another possibility, is that the signal is the
signature of dark matter annihilating into charged par-
ticles which then lead to gamma rays. As of today, it
is still not possible to distinguish between the di↵erent
scenarios [4, 11].

In order to resolve the tension between the models
of dark matter that could fit the galactic center excess
and constraints coming from observations of the dwarf
spheroidal galaxies [2], Choquette et al [9] proposed the
p-wave annihilating Dark matter model. They take ad-
vantage of the higher velocity dispersion in the galactic
center compared to that in dwarf galaxies to assume a
velocity depended annihilation cross section for the dark
matter particle � which would lead to a suppression of
the annihilation rates in the dwarf galaxies. This as-
sumption leads to a problem though. A cross section of
h�vi ⇡ 3⇥ 1026cm3

/s is required to explain the galactic
excess today, but in the early universe it would have been
orders of magnitude larger which immediately rules out
the scenarios of a thermal origin for the relic density of
dark matter. They address this problem by introducing a
metastable predecessor dark matter particle  with ther-
mal origin, the decays of which give rise to the current
generation of p-wave annihilating dark matter �.

Among the decay scenarios they considered, they stud-
ied the case of a decay that includes a photon  ! ��

with an e↵ective interaction term analog of weak inter-
actions in the dark sector
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where ⇤� is the heavy scale and �m = m �m�.
The same kind of interactions of a parent particle de-

caying into a massless and a massive daughter particles
was studied in Gordon et al [6]. The evolution of the mas-
sive particle’s equation of state was derived which allowed
for the complete description of the dynamical evolution
of the decaying dark matter model with two free param-
eters namely the lifetime ⌧ and the fraction of energy of
the parent particle transferred to the massless particle ✏.
Under the assumption that there are no decays before the
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Then using the cosmological information encoded in
the observed brightness of supernovae of type Ia (SNIa),
it was possible to constraint the two free parameters

To solve this problem: Decaying dark matter
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Then using the cosmological information encoded in
the observed brightness of supernovae of type Ia (SNIa),
it was possible to constraint the two free parameters

To solve this problem: Decaying dark matter




Vattis, Clark & Koushiappas, Phys. Rev. D 103, 043014 (2021)

Decays and the Integrated ISW effect

Photon enters well 
at some energy

Photon gains energy as it 
falls in the potential well

Photon loses less energy 
than it gained on the way 
out of the shallower well

Gravitational well shrinks as the universe expands



EDE + dDM as an example of 2-level modification of ΛCDM to solve tensions

Clark et al., PRD 107, 8, 083527 (2023)
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EDE + dDM as an example of 2-level modification of ΛCDM to solve tensions

dDM lowers S8

EDE increases H0



Toomey et al., arXiv:2301.13855Michael Toomey (PhD 2023, off to MIT)

Alternatively, are we observing effects of quantum gravity?
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Alternatively, are we observing effects of quantum gravity?
The transition from dark matter to dark energy domination is well understood in the 
metric formulation of GR. 
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Hypersurfaces of same time coordinate

Lapse function, lapse of proper time 
between two hyper surfaces

Connection variable

Connection must have “reflected” off a minimum at matter — dark energy transition

Decreases during decelerated expansion, increases during 
accelerated expansion.

Alternative view: Hamiltonian formulation of GR
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Alternatively, are we observing effects of quantum gravity?

Interference effects at the matter—dark energy transition can lead to deviations in the 
evolution of the hubble parameter
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Precision always leads to breakthroughs…


..it seems we may be heading in the 

same direction in cosmology today.






Here is an outline of how deep learning can be utilized to study the astrometric 
signature of dark matter substructure: 


- Data Collection: Gather astrometric data from telescopes or observational surveys. 
This data may include precise measurements of positions, velocities, redshifts, or 
lensing effects of galaxies, stars, or other astrophysical sources. 


No data yet, but we can assume that a survey like SKA can observe a large number of 
quasars. We call them background sources. 




- Simulated Training Data: Generate simulated astrometric data that incorporates the 
effects of dark matter substructure. Numerical simulations or theoretical models can 
be used to create a training dataset that accurately represents the astrometric 
signature of dark mater substructure. 




- Feature Extraction: Extract relevant features from the collected or simulated data 
that are likely influenced by dark matter substructure. These features could include 
deviations in the observed positions or motions of celestial objects, distortions in their  
shapes due to gravitational lensing, or clustering patterns in their distribution. 




- Deep Learning Model Design: Design a deep learning architecture suitable for 
capturing the astrometric signature of dark matter substructure. Convolutional neural 
networks (CNNs), recurrent neural networks (RNNs), or other architectures can be 
used depending on the specific features and data characteristics. 


CNN: Resnet-18




- Model Training: Train the deep learning model using the simulated training dataset. 
This involves feeding the data through the network, adjusting the model’s parameters 
using backpropagation, and optimizing the model’s performance through appropriate 
loss functions and optimization algorithms. 



- Model Evaluation: Evaluate the trained model using validation data to assess its 
performance in capturing the astrometric signature of dark matter substructure. This 
evaluation helps ensure the model’s generalization capability and its ability to 
accurately predict the astrometric effects of substructure.


Designed SKA




- Astrometric Signature Inference: Apply the trained deep learning model to real 
astrometric data to infer the presence and characteristics of dark matter substructure. 
The model can predict the astrometric signature associated with substructures and 
provide insights into their distribution, abundance, or other properties. 

Designed SKA


Doubling the operational time of SKA allows for a 
reliable probe of the substructure content of the 
Milky Way through astrometry.




- Astrometric Signature Inference: Apply the trained deep learning model to real 
astrometric data to infer the presence and characteristics of dark matter substructure. 
The model can predict the astrometric signature associated with substructures and 
provide insights into their distribution, abundance, or other properties. 

Use of Integrated Gradients (path integral of gradients of baseline and desired 
inputs) allows deterministic localizations of substructure.
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