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Dark photon models

* The simplest dark photon model
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* It may also couple to current in the dark sector.
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* It can also couple to the currents composed by Standard Model
fields.

AR AL AL AL

pop—T



Dark photon models

* It can be dark matter. Its lifetime is easily to be longer than the age of
the universe.
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Origin of dark photon mass

* Massive U(1) theory
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Diagonalization
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Searches for dark photon
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Photon Dark Photon Oscillation in plasma
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Searches for dark photon
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CMB constraints from distortion

W2 = ATAEMTe * Distort the CMB black body spectrum.
p M.

¢ Jaeckel, Redondo, 0804.4157

’ When the temperature of the universe is
Resonant lower t.han 1 kelvin, the double Compton
scattering can no longer restore black

body distribution of CMB.

conversion
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CMB constraints from distortion

w? = Amapmne  Why the constraint is flat?

a)p me

Jaeckel, Redondo, 0804.4157
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CMB constraints from anisotropy

4 e
w2 = T * Enhance the CMB temperature

a)p me .
anisotro PY. Aramburo-Garcia et al, 2405.05104

t
Using the full power of numerical
Resonant simulation and the CMB power
conversion spectrum
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CMB constraints from anisotropy

2 47rozEMn€

o - * Enhance the CMB temperature
Y t anisotropy.
— Pirvu, Huang, Johnson, 2405.05104

Resonant

. After reionization, resonant
conversion

conversion occurs mainly in the
ionized gas that occupies the
virialized DM halos.

7

This leads to the correlation

between the induced CMB
anisotropy and the large scale
structure.



Searching for dark photon dark matter

* It can be dark matter. Its lifetime is easily to be longer than the age of
the universe.
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Searching for dark photon dark matter
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Kinetic mixing
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Photon Dark Photon Oscillation
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Photon Dark Photon Oscillation
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* When w,, = my', photon and dark photon resonantly
convert into each other.



Photon dark photon oscillation

* The transition probability wWp =My
dt  d%p 1
P ’ r) = ‘ ) 464 .r"-"ff T A 2
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If v,.=0 the DM stays at the resonance region forever.



Searching for ultralight DM with radio telescopes

* For dark photon: f = 10 MHz

w? — k? = m;5,

* For photon in plasma:
2 _ L2 _ .2
w” — k= wp

* We need plasma.

The corona: about 1 000 000 °C

Chrompsphere

|
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The upper Chromosphere: about 10 000 °C 1 08 ! :
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The lower Chromosphere: about 4000 °C ! :}
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The photosphere: about 6000 °C

h [km] (height above photosphere)

T [K]



Dark photon dark matter converted at the Sun’s atmosphere

* Resonant conversion
* Wy = My,

* Inside the dark matter halo
* Upy~1073

* The frequency of the

converted photon w = my,
with the dispersion ~107°.

* The signal is a sharp peak in
the solar spectrum




Absorption of the converted photon during propagation
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Searching for the converted photon with
radio telescopes

* The minimal detectable flux Smin = SEFD SEFD = 222 710
Ts \/npol B obs Aesr

Name f [MHz] | Bres [kHz] |(Tuys) [K]|(Aeg) [m?] &>
SKAl-Low | (50, 350) 1 680 | 2.2 x 10° N p?
SKA1-Mid B1|(350, 1050)| 3.9 28 2.7 x 10% > K
SKA1-Mid B2|(950, 1760)| 3.9 20 3.5 x 10*
LOFAR (10, 80) 195 28,110 1,830
LOFAR (120, 240) 195 1,770 1,530 West Australia and south Africa

Europe



Searching for DPDM with radio telescopes
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Searching for DPDM in LOFAR

* We obtain LOFAR real data f ~30 — 80 MHz in total of 51 minute

observation.
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For dark photon dark matter with smaller
Mass

* Because of the ionosphere, no Layers of the Atmosphere

terrestrial telescopes can cover (aurora)
f < 10 MHz. MESOSPHERE

* Go to outer space. OZONE LAYER




Plasma in solar wind

* Free electrons between Earth and Sun
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For dark photon dark matter with even
smaller mass

* STEREO A/B

e Parker Solar Probe

First Perihelion
at 35.7Rg

NASA’s STEREO (with SDO) Sees the Entire Sun

2014 : ¥ 2014 .
| Sept. 2012 | 2013 /,/'/'/’l\' e Sept. 2012
P <l o

STEREO P
(Behind)
HESY" -

Launch /

Venus Flyby #1

Orbit
* directions

" First Min Perihelion
at 8.86 Rq




€-(oa'pom)°?®

Using solar probes to search for DPDM
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Dark photon in plasma

Plasma effect

7
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If we give up resonances, what we really need are free electrons!




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, eeA ), J# (although suppressed)




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.

DPDM
Parabolic

Mirror

DPDM Spherical

Mirror

N/



Dish antennas

* The size of the feed ~ 1
Feed ~ A2

AQ
IS = Ce’ppm X —
dish P A —  Area of the telescope

eqv



Dipole antennas

e Usually ¢ S%

1
* For photon, 4 = F

1
fXvp
* Equivalent electric signal:

~ 1031

* For dark photon, A, =

Fry = eEgj) cos(2m ft)

eqv . 2
Lipole = CE“PDM —— (9 4 GeV/cm?

l

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



Antenna arrays

.AD ~ 103/1
*Ap ® 4 km for f =70 MHz
* Ap = 150m for f = 2 GHz

* Interferometry techniques can
be used.

e Correlation suppressed when
the distance of two antennas is
larger than Ap.

vOmMmn




Limits from antenna arrays

* The signal is a peak,
m s

fsignal — . Afsignal ~ 10_6f

* Minimum detectable spectral flux

SEFD ok T
Smin = SEFD = —=5-57s
UE \/npolBtobs Aeff

. : eqv
We require [ 1.5y

antenna arrays.

/B > S,.i, to calculate the sensitivities of the



Sensitivity forecasts
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FAST data

e 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.
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FAST data

* Spectrum after data cleasing
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Constraint FAST data

1.0 11 1.2 13 1.4 15
f [GHz]



Constraint FAST data
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Constraint
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Direct detection of dark photon dark matter
with radio telescopes
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Our own prototype detector

* For parabolic mirror, it is better for the detector to be around 2F.

10 2.0F
< 1000]
cU |
) ,
2 oo 1.8F
£ 1.6F |
o) i
m |
10{ 1.4F |
; 12F
| 10F
1 ............................
1.0 1.1 1.2 13 14 15

f[GHz]

Work in progress with Jia Liu, Qiang Yuan, Quan Guo, Xiaoxing Yang, and ...



Production of DPDM

* It is indeed not easy. The simplest story of using misalignment
mechanism like in the case of axion dark matter does not work!

* The reason for this is that the dark photon field must pointin a
direction. Producing dark photons completely at rest would involve
breaking rotation invariance. Therefore, they cannot be fully
homogeneous and the produced dark photons must have a velocity.
Reconciling this non-zero momentum with dark matter’s non-
relativistic nature is why producing very light dark photon dark matter
is difficult.

Broadberry, Das, Hook, Tavares, 2408.03370



DPDM production

* The longitudinal mode can be Produced through quantum

fluctuations during inflation.
Graham, Mardon, Rajendran (2015)
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DPDM production via scalar oscillation
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Co, Pierce, Zhang, Zhao (2018)
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Bastero-Gil, Santiago, Ubaldi, Vega-Morales (2018)
Agrawal, Kitajima, Reece, Sekiguchi, Takahashi (2018)
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DPDM production via scalar misalignment
and primordial magnetic field

Broadway, Das, Hook, Tavares, 2408.03370 -
¢ my ¢ / g 107
?FMVF ) —F, F $ 1o
f 10*
Inhomogeneous B-field
b 107°}| ssens Effective mass
¢5+3H¢+m§>¢ZEADa ;

Ap + HAp + m4Ap = —abo,
b(t) = B(t)/f

my, > 10713 eV




Constraints from theoretical considerations

Reece 1808.09966
* From the weak gravity conjecture.

* For spin-1 vector boson with coupling e, and Stuekelberg mass m,
local quantum field theory breaks down at energies at or below

Auy = miﬂ((mA'Mpl/ef)l/Qa ell/gMpl)
* We also expect e < e'.
* If Ayy ~ Hipp = 101 GeV, my, = 107° eV, we have € < 107%°.
* No current experiments can reach it.
* There are several ways out, requiring model building skills.
e But it does not have effect on scalar parametric resonant models.



Constraints on Higgsed DPDM

* Coherent oscillation of dark photon is not the ground state when the
amplitude is large and the dark photon is Higgsed.
1

L=—

Fy F" + (D"$)*Dyu¢ — A(|6]* —v*)°

|A"| > v

\/‘ B

* In the early universe |A’| is huge, models

with Higgs are not favored.

East and Huang, 2206.12432



Summary

* A lot of searches and model buildings are going on.

* We can in principle turn all the photon detectors to dark photon
detectors.

* For Higgsed DPDM, it is challenging to find a production mechanism.
* For the Stuckelberg case, there are models that can produce DPDM.

* The scalar parametric resonant model does not care if the DPDM is
Higgsed or Stueckelberg.



Backups



Wave method

* Wave equations
> ¥ . W,  —em
o> or* \ —em?, m?

* WKB approximation

. A(r)
0 —H~—H)H[ ” =0,
(l r 0 I)(A’(f’))

(

A(r,t)
A'(r,t)

)



Wave method

e Conversion probability

r —erm2 2
P Y L w2 —m?, |
A—;»y 2k

r

e Radiation power per solid angle
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Impact of small scale fluctuations
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Impact of small scale fluctuations
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Axion DM search
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Constraints on Higgsed DPDM

1672

10_9. . 10.,._6 . 10.__3 . 160 R 1(.)3 .
mo JeV Cyncynates, Weiner, 2310.18397




Time dependent couplings and mass

Cyncynates, Weiner, 2310.18397
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Notations

* A, and V,: dark photon vector field

* F,, and V,,,: dark photon field strength
* € and k: kinetic mixing

* my, and my: dark photon mass

* Wy, and f, : Plasma frequency, w, = 27f,

* ¢': dark gauge coupling



