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Outline

• Searching for boosted light dark matters

• Searching for ultralight dark matter with radio 
telescopes



Existence of DM at all scales



Searching for Dark Matter



Searching for GeV-TeV DM
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Searching for GeV-TeV DM



Searching for GeV-TeV DM



Searching for keV-GeV DM

Electron recoil signal



How to produce DM?

• Thermal freeze-out 
DM

DM

SM, (𝑝, 𝑛, 𝑒, 𝛾)

SM

Thermal freeze out
Γ( = 𝑛)* < 𝜎𝑣 > ,
Γ( < H
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𝜇: reduced mass



Searching for keV-GeV DM

Relic abundance
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Electron recoil signal



DM accelerated inside the Sun

HA, Maxim Pospelov, Josef Pradler, Phys.Rev.Lett. 120 (2018) 141801



The scattering rate

DM

Plasma



The contact s-wave interaction
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The details of the simulation

• We assume the temperature and electron density 
distributions are isotropic.
• We divide the Sun into slices. The collision probability in each 

slice is much smaller than one.

…

…



𝑃 = Γ!×Δ𝑙/𝑣!

The details of the simulation

𝑛 𝑛 + 1𝑛 − 1

𝐤"

𝑇(𝑛), 𝑛#(𝑛)
Scattering 
happens

𝑑Γ!
𝑑𝑞𝑑cosθ$

To the next layer

No 
scattering 

Angular 
momentum 
conservation

U
ntil flying out of the Sun

Gravitational effect inside the Sun.



The reflected flux



Effect of ions The ions blocks the DM from going 
into the center.
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Results

HA, Haoming Nie, Maxim Pospelov, Josef Pradler, Adam Ritz, Phys.Rev.D 104 (2021) 103026



Light Mediator Case

Kinetic mixing

Dark photon

Dark photon mass
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IR freeze-in

Standard Model Dark sector

Inflaton

Reheati
ng

portal

For freeze-in to produce enough DM 
density:
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Detailed calculation

𝜒 𝜒

𝑒 𝑒

X

𝐴

𝑉 + + + …
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Numerical Simulation

• Reflected spectrum with different choices of ζ.
• 𝜁 = 0.5 in our results.

softer



Results

HA, Haoming Nie, Maxim Pospelov, Josef Pradler, Adam Ritz, Phys.Rev.D 104 (2021) 103026
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Ultralight dark photon DM

Dark photon dark matter
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• Dark photon can decay through the three-photon channel 
and neutrino channel. Both are highly suppressed!
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Ultralight dark photon DM

• From quantum fluctuation during inflation

• From parametric resonant production

• From decay of cosmic string 

• …
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The field configuration

•
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ED(t,x) = E(0)
D cos(!Dt� kD · x)
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Photon Dark Photon Oscillation
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𝑉E and 𝐴E are in mass eigenstate.



Photon Dark Photon Oscillation
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𝑉E and 𝐴E are in mass eigenstate.

• In the vacuum, 𝑉 cannot be 
converted into 𝐴, no interaction
• In the plasma, (1) a mixing 

between 𝑉 and 𝐴 is generated. 
(2) a mass for 𝐴 is also 
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Photon Dark Photon Oscillation

• !"#$%𝜔# = 𝑚$% , photon and dark photon 
resonantly convert into each other.



Photon Dark Photon Oscillation

• Projecting onto the transverse modes

• One to one transition matrix element

𝑉 𝐴−𝜅𝑒 𝑒 𝐴 𝐴𝑒 𝑒
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Photon dark photon oscillation

• The transition probability
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If 𝑣&=0 the DM stays at the resonance region forever.

Resonant region
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Searching for ultralight DM with radio 
telescopes
• For dark photon:

𝜔" − 𝑘" = 𝑚"

• For photon in plasma:

𝜔" − 𝑘" = 𝜔#"

• We need plasma.

𝑓 = 1 GHz 𝑓 = 10 MHz



Dark photon dark matter converted at the 
Sun’s atmosphere

• Resonant conversion
• 𝜔F = 𝑚(G

• Inside the dark matter halo
• 𝑣(G~10HI

• The frequency of the converted photon
• 𝜔 ≈ 𝑚(G with the dispersion ~10HJ.

• The signal is a sharp peak in the solar spectrum

𝐴′

𝐴



Absorption of the converted photon 
during propagation

• Inverse bremsstrahlung absorption

• Compton scattering
• Compton scattering can shift the frequency of the

converted photon.
• ΓKLL = ΓMNO + ΓPQR

Photon converted in 
chromosphere cannot fly 
out. 



Searching for the converted 
photon with radio telescopes

• The minimal detectable flux 

West Australia

Netherland



Searching for ultralight DM with radio 
telescopes

HA, F.P. Huang, J.Liu, W.Xue, Phys.Rev.Lett. 126 (2021) 181102

𝜅

Dark photon dark matter 𝑚! [eV]



Searching for dark photon dark 
matter directly with radio telescopes
• Large scale radio telescopes



Searching for dark photon dark 
matter directly with radio telescopes
• The dark photon dark matter has an interaction 

with the electric current, 𝜅𝑒𝑉*𝐽* (although 
suppressed)



Dipole antennas

• Usually ℓ ≤ +
,

• For photon, 𝜆 = -
.

• For dark photon, 𝜆/ =
-

.×1!
≈ 102𝜆

• Equivalent electric signal:
<latexit sha1_base64="BUPMbGzZV06HCp+7KAhHA2iq6zo="></latexit>

Eeqv
EM = E(0)

D cos(2⇡ft)
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Ieqvdipole = C2⇢DM

Order one parameter, determined by the 
detailed shape of the antenna

0.4 GeV/cm3



Dish antennas

• For dish antennas, the oscillation of the dark 
photon field induces the oscillation of the electrons 
in the reflector plate, and produces EM waves, 
which can be detected by the feed. 



Dish antennas

• The size of the feed ∼ 𝜆
Feed ∼ 𝜆"

<latexit sha1_base64="RB4GvehrJHBl2jDnOZ1sm2rH6oU="></latexit>
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A Area of the telescope



Antenna arrays

• 𝜆/ ∼ 102𝜆
• 𝜆Y ≈ 4 km for 𝑓 = 70 MHz
• 𝜆Y ≈ 150m for 𝑓 = 2 GHz

• Interferometry techniques 
can be used.
• Correlation suppressed 

when the distance of two 
antennas is larger than 𝜆/ .



Limits from antenna arrays

• The signal is a peak, 

• Minimum detectable spectral flux

• We require                             to calculate the
sensitivities of the antenna arrays.    
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FAST data

• 1– 1.5 GHz, Band width = 7.63 kHz, data observed 
on Dec 14, 2020. 
• The signal is constant, we remove data with large

variation in time. 



FAST data

• Spectrum after data cleasing



FAST data

• We calculate the uncertainties from the 
fluctuations of the data.



Constraint FAST data

𝜅



Constraint FAST data

𝜅



Constraint FAST data

𝜅



Direct detection of dark photon 
dark matter with radio telescopes

HA, S Ge, W-Q Guo, X Huang, J Liu, Z Lu, 2207.05767

κ



For dark photon dark matter with 
even smaller mass
• No terrestrial telescopes can cover 𝑓 < 10 MHz.
• Go to outer space.
• Free electrons between Earth and Sun

𝜔#
2𝜋 = 20 kHz

𝜔#
2𝜋 = 1 MHz



For dark photon dark matter with 
even smaller mass
• STEREO A/B
• Parker Solar Probe
•&' ()*$+,%
-+.#))/.#%0"+/$1

Work in progress with Jia Liu and Shuailiang Ge



For dark photon dark matter with 
even smaller mass

Work in progress with Jia Liu and Shuailiang Ge

κ

STEREO

Preliminary



Summary

• The Sun as our own star, does not only give us light. 
• It may also help us search for the dark side of the Universe.
• We convert all photon detectors to dark photon detectors.

𝐴′

𝐴



Searching for Dark Matter



Where do we start from?

• We know almost nothing about dark matter except 
for:
• Equation of state 
• Total energy density
• 23% of the total energy density
• About five times of the energy density of baryons

• Its velocity around the earth
• About 200 km/sec

• Energy density around the earth
• 0.4 GeV/cm3

Non-relativistic particles

22.4 mol/L ~ 1Pa



Where do we start from?

• We know almost nothing about dark matter except 
for:
• Equation of state 
• Total energy density
• 23% of the total energy density
• About five times of the energy density of baryons

• Its velocity around the earth
• About 200 km/sec

• Energy density around the earth
• 0.4 GeV/cm3

Non-relativistic particles

22.4 mol/L ~ 1Pa



How to produce DM?

• Thermal freeze-out 
DM

DM

SM, (𝑝, 𝑛, 𝑒, 𝛾)

SM

Thermal freeze out
Γ( = 𝑛)* < 𝜎𝑣 > ,
Γ( < H

<latexit sha1_base64="ANMdf3jcToU+g0jnCRCR29Qk/n8="></latexit>
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How to produce DM?

• Thermal freeze-out 
DM

DM

SM, (𝑝, 𝑛, 𝑒, 𝛾)

SM

Thermal freeze out
Γ( = 𝑛)* < 𝜎𝑣 > ,
Γ( < H
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𝜇: reduced mass



The contact s-wave interaction



The contact s-wave interaction



The details of the simulation

• Outside the Sun

• We randomly shoot DM with 
impact from 0 to 4𝑅bcN to 
include the focusing effect.

Solar focusing effect.



The reflected flux



The one scattering limit

• When 𝜎ded ≪ 10HIfcmg, 𝑃ded ≪ 1. 
• We simulate the trajectory of DM considering only the 

gravity.

•

• For the high energy tail, 𝑘g ≫ 𝑘h, 𝑘g ≈ 𝑞



The one scattering limit



Effect of ions

• Energy transfer

• Γi ∼ 𝑛 𝜎𝑣 → 𝑛𝜎⟨𝑣⟩
• For 𝜒-e scattering, 𝑣~𝑣j ∼ 0.03 ≫ 𝑣i
• For 𝜒-ion scattering, 𝑣~𝑣i ≈ 10HI.

• The energy transifer from ions can be neglected.
• The ions can only change the direction.

ΓiHj
𝜎kHj

≫
ΓiHlem
𝜎kHlem



Detailed calculation

𝜒 𝜒

𝑒 𝑒

X

𝐴

𝑉



Momentum dependent Debye screening

• The general form of the photon polarization tensor in plasma

• The general form of the matrix element



Momentum dependent Debye screening

• The general form of the matrix element

• We use linear response method to calculate 𝜀n in NR plasma.

• 𝐴 is 𝑂(1) in our case.
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HA, Haoming Nie, Maxim Pospelov, Josef Pradler, Adam Ritz, 2108.10332



Momentum dependent Debye screening
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Numerical Simulation

• The scattering rate blows up even with the screening. We 
need to put an IR cut-off for the momentum transfer. 
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cos ✓q angle between 𝐪 and 𝐤𝟏

𝑣$: velocity of DM in each layer before scattering


