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FIG. 1. Current constraints on the DP’s mass, mX , and kinetic mixing parameter with the SM photon, c. The general colour-
scheme is: cosmological bounds in blue, experimental bounds in red, and astrophysical bounds in green. The thick white line
that divides the parameter space in two is the upper limit for which DPs are a viable candidate for 100% of the DM. The focus
of this work are the experimental bounds that reach below this line. Descriptions of each bound are given in Sec. II.

those set using astrophysical data in green, and those
set using cosmological data in blue. We now briefly
run through the sources of each bound.

Many model-independent bounds on the existence
of the DP in Nature have been obtained through tests
of the Coulomb 1/r2 force law, or, equivalently, via
bounds on the photon mass [70]. The ones we have
shown here are from Cavendish-like experiments [71–
74], Plimpton & Lawton’s experiment [74, 75], atomic
spectroscopy [76], atomic force microscopy (AFM) [74],
and, at the lightest masses displayed here, from the
static magnetic fields of the Earth [77] and Jupiter [78].
Similarly, there are purely laboratory bounds on DPs set
using light-shining-through-walls (LSW) experiments,
e.g. those run at ALPs [79], SPring-8 [80] and UWA [81,
82], as well as the microwave LSW experiments per-
formed by ADMX [83] and CROWS [84]. CAST [85]
and SHIP [86] are both helioscopes, setting bounds on
DPs emitted by the Sun. Finally, TEXONO [87] is a reac-
tor neutrino experiment, for which a low mass DP limit
was derived in Ref. [88].

Dedicated direct detection bounds on the DP, specif-
ically as a DM candidate, are set by the following ex-
periments: DAMIC [89], Dark E-field Radio [35], DM
Pathfinder [90], FUNK [33], SENSEI [91], SHUKET [31],
SuperCDMS [92], SQuAD [93], three Tokyo dish an-
tennae experiments [28, 30, 34], WISPDMX [32], and
XENON1T/XENON100 [94–99]. Several other under-
ground DM detectors sensitive to keV-mass DPs have
also set limits [100–105] that are less sensitive than
XENON’s—we have neglected these to reduce clutter.

One of the focuses of this work is on reinterpreting
haloscope limits on axions in the context of DPs. Those
shown are ADMX [106–110], HAYSTAC [111, 112],
CAPP [113], and QUAX [114]. Results from several
well-known axion haloscopes [115–119] are not shown
because they used their B-field to test for potential (ax-
ion) signals. In other words, a DP could have been ob-
served, but its signal would have been vetoed.

The upper limit of viable dark photon dark mat-
ter (DPDM), shown by a thick white line, is taken
from various references. Although we run the risk

Caputo, Millar, O’Hare, Vitagliano (2021)
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Some regions of parameter space rely on the assumption that
 the dark photon is the dark matter
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Āi = 0

<latexit sha1_base64="gcwOHHmUMPW8iJWi7pVhrzo3Gw0=">AAAB/HicbVDLSgMxFM3UV62v0S7dBItQEcpMKbUboeCmyyr2Ae1YMmnahmYeJHeEYai/4saFIm79EHf+jWk7C209EDiccw/35rih4Aos69vIbGxube9kd3N7+weHR+bxSVsFkaSsRQMRyK5LFBPcZy3gIFg3lIx4rmAdd3oz9zuPTCoe+PcQh8zxyNjnI04JaGlg5u/wNa4WGw9lfIn7wwBw42JgFqyStQBeJ3ZKCihFc2B+6SSNPOYDFUSpnm2F4CREAqeCzXL9SLGQ0CkZs56mPvGYcpLF8TN8rpUhHgVSPx/wQv2dSIinVOy5etIjMFGr3lz8z+tFMKo5CffDCJhPl4tGkcAQ4HkTeMgloyBiTQiVXN+K6YRIQkH3ldMl2KtfXiftcsmuliq3lUK9ltaRRafoDBWRja5QHTVQE7UQRTF6Rq/ozXgyXox342M5mjHSTB79gfH5A3HYkgw=</latexit>

R = 6(H2 + Ḣ)
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New VDM/Dark Photon Production Mechanisms

R. Vega-Morales (U of Granada) - VDM and Inflation
VDM = Vector Dark Matter = Dark Photon Dark Matter
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Field content and equations of motion
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HȦL +

✓
k
2

a2
+m

2

◆
AL = 0

<latexit sha1_base64="hY1UGT0/qwqB9vCt/HsNRR4+stA="></latexit>

!
2
k ' k

2

a2
± k

a
2H⇠ < 0

<latexit sha1_base64="0Xu8yPoSqLyf58rTfY/Yp3JxJfI=">AAACFHicbVDLSsNAFJ34rPEVdelmsAiCUJJStMuCmy4r2Ac0oUymk2boZBJnJsUS8hFu/BU3LhRx68Kdf+O0zUJbD1w4nHPvzL3HTxiVyra/jbX1jc2t7dKOubu3f3BoHR13ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPb2Z+d0KEpDG/U9OEeBEacRpQjJSWBtal+0ChS+5TOoFuIBDOXMSSEEF3GCs3CWmeVWETBjk0zYFVtiv2HHCVOAUpgwKtgfWlX8FpRLjCDEnZd+xEeRkSimJGctNNJUkQHqMR6WvKUUSkl82PyuG5VoYwiIUuruBc/T2RoUjKaeTrzgipUC57M/E/r5+qoO5llCepIhwvPgpSBlUMZwnBIRUEKzbVBGFB9a4Qh0hHo3SOsxCc5ZNXSadaca4qtdtauVEv4iiBU3AGLoADrkEDNEELtAEGj+AZvII348l4Md6Nj0XrmlHMnIA/MD5/ANFcnVk=</latexit>

⇠ ⌘ ↵�̇

2Hf

<latexit sha1_base64="3jSzbsVY+KW+YnhdbVbfzy4d5FY=">AAAB/nicbVDLSsNAFL3xWeMrKq7cDBbBVUlK0S5cFNx0WcE+oAllMp20QycPZiZiCQV/xY0LRdz6He78GydtFtp64MLhnHu59x4/4Uwq2/421tY3Nre2Szvm7t7+waF1dNyRcSoIbZOYx6LnY0k5i2hbMcVpLxEUhz6nXX9ym/vdByoki6N7NU2oF+JRxAJGsNLSwDp1A4FJNplleIZuULXpPjLTHFhlu2LPgVaJU5AyFGgNrC93GJM0pJEiHEvZd+xEeRkWihFOZ6abSppgMsEj2tc0wiGVXjY/f4YutDJEQSx0RQrN1d8TGQ6lnIa+7gyxGstlLxf/8/qpCupexqIkVTQii0VBypGKUZ4FGjJBieJTTTARTN+KyBjrPJROLA/BWX55lXSqFeeqUrurlRv1Io4SnME5XIID19CAJrSgDQQyeIZXeDOejBfj3fhYtK4ZxcwJ/IHx+QNxBpR3</latexit>

k

a
< 2H⇠

for the transverse modes

long wavelength tachyonic modes



Lorenzo Ubaldi Dark Photon Dark Matter8
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Relic abundance

Graham, Mardon, Rajendran 1504.02102

Constraints
•                      for efficient tachyonic production                    
• VDM must NOT thermalize with the visible sector:                                          

and SMALL KINETIC MIXING
• negligible back reaction effect on inflaton dynamics: 
• start with a universe dominated by visible radiation:
•                   : VDM becomes non relativistic (cold) before m.r.e.

Bastero-Gil, Santiago, LU, Vega-Morales 
 1810.07208
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practice, requiring the dark vector is not over abundant along with the first two constraints

automatically ensures the remaining constraints are satisfied, so only these are shown. Along

the contours labeled “Transverse” for di↵erent values of ⇠end which separate the purple

shaded regions we obtain the observed relic abundance with the transverse mode making

up the entirety of the dark matter. In the colored regions to the right of these lines the

dark matter is overabundant. We see that the transverse mode of the dark vector can make

a viable dark matter candidate over a wide range of parameter space: µeV . m . TeV,

100 GeV . H . 1014 GeV for ⇠end ⇠ O(1 � 10) (see Eq.(23)).
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Figure 2. Parameter space in the dark photon mass versus Hubble scale m � H plane for values

of the parameters ⇠end, ✏R, and ✏H as indicated above each plot and described in the text. Along

the lines labeled “Transverse” for di↵erent values of ⇠end, we obtain the observed relic abundance

for the transverse mode while in the colored regions to the right of these lines the dark matter

is overabundant. The region in the grey band at large masses is excluded by requiring e�cient

tachyonic production during inflation while the region in gray at low masses is excluded by requiring

the dark photons are non-relativistic by the time of CMB formation (see Eq.(39)). For the case

when the dark vector has a mass during inflation, we also show along the black line labeled

“Longitudinal” the contour where the longitudinal mode makes up all of the observed dark matter.

For comparison, we also plot the relic abundance of the longitudinal mode in Eq.(38) in

the case the dark vector has a mass during inflation and is thus also produced via inflationary

16

Bastero-Gil, Santiago, LU, Vega-Morales 
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Do vortices kill all the scenarios?
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Dµ = @µ � igDAµ

Roughly when                 the U(1) is restored, vortices  form, and the dark photon
energy density is dissipated.  
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⇧ ! ⇧+ 2⇡v

The same mode has fluctuations of order H during inflation.
If H > v vortices form, implying the bound:

<latexit sha1_base64="nZW4Hy6AqHkQUdGCrNJ87L7bqL4="></latexit>

gD =
mA

v
 mA

H
= 2⇥ 10�22

⇣
mA

eV

⌘5/4



Lorenzo Ubaldi Dark Photon Dark Matter12

<latexit sha1_base64="nZW4Hy6AqHkQUdGCrNJ87L7bqL4="></latexit>

gD =
mA

v
 mA

H
= 2⇥ 10�22

⇣
mA

eV

⌘5/4

Kinetic mixing with the Standard Model

<latexit sha1_base64="HkzM7+5GpwH1d9CoFFy3KsZuj+M=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgutCSl1C5cFHThsoJ9QJOGyXTSDp1JwsxEKCE/4cZfceNCEbeCO//GaZuFth64cDjnXu69x48Zlcqyvo2V1bX1jc3CVnF7Z3dv3zw4bMsoEZi0cMQi0fWRJIyGpKWoYqQbC4K4z0jHH19P/c4DEZJG4b2axMTlaBjSgGKktOSZ5w4eUehIyqETCIRTAh049G6y1K45Me1XMngFbaufXlSqmWeWrLI1A1wmdk5KIEfTM7+cQYQTTkKFGZKyZ1uxclMkFMWMZEUnkSRGeIyGpKdpiDiRbjr7KoOnWhnAIBK6QgVn6u+JFHEpJ9zXnRypkVz0puJ/Xi9RQd1NaRgnioR4vihIGFQRnEYEB1QQrNhEE4QF1bdCPEI6HKWDLOoQ7MWXl0m7UrZr5epdtdSo53EUwDE4AWfABpegAW5BE7QABo/gGbyCN+PJeDHejY9564qRzxyBPzA+fwDsR5y8</latexit>

� ⇠ e gD
16⇡2

< 10�24

The longitudinal mode of the dark photon can still be the dark matter
but it could be undetectable.

For the transverse modes, produced via the mechanism I discussed above,
the impact of vortices is less clear to me.
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Dark charged particles
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Add dark fermions charged under U(1)D

<latexit sha1_base64="Ay0Jj+9YOFJimwnhgHoQTeuU/Qg="></latexit>

L � �̄(i�µDµ �m�)�

<latexit sha1_base64="wqB3k9o7yHN0d1VEKwSd37qMVB0=">AAACGnicbVDLSgMxFM34rPU16tJNsAiCUGZq0W6EghSKqwr2AZ1xyKSZTmgmMyQZoQz9Djf+ihsXirgTN/6N6WNRWw8knJxzLzf3+AmjUlnWj7Gyura+sZnbym/v7O7tmweHLRmnApMmjlksOj6ShFFOmooqRjqJICjyGWn7g5ux334kQtKY36thQtwI9TkNKEZKS55pO71YQUeEsefgkMJzeAHrc+9rWIO3+nYk7UcI1h5KnlmwitYEcJnYM1IAMzQ880vPwGlEuMIMSdm1rUS5GRKKYkZGeSeVJEF4gPqkqylHEZFuNlltBE+10oNBLPThCk7U+Y4MRVIOI19XRkiFctEbi/953VQFFTejPEkV4Xg6KEgZVDEc5wR7VBCs2FAThAXVf4U4RAJhpdPM6xDsxZWXSatUtC+L5btyoVqZxZEDx+AEnAEbXIEqqIMGaAIMnsALeAPvxrPxanwYn9PSFWPWcwT+wPj+BQLznbA=</latexit>

⇢̇� + 3H⇢� = EJ = �E
2

<latexit sha1_base64="CugtkqPjhA9yo6/w5PhxTSI1eoA="></latexit>

�̄ ⌘ �

H
/ Exp

"
�⇡

m
2
�

gDE

#

<latexit sha1_base64="Azug3OnSAphh7WJBxcHxxhBjBpE=">AAACJnicbVDLSgMxFM34tr6qLt0Ei+CqzNSi3QgFEVwq2Ad06pBJ77ShSWZMMkIZ5mvc+CtuXCgi7vwU01pErQcCh3PO5eaeMOFMG9d9d+bmFxaXlldWC2vrG5tbxe2dpo5TRaFBYx6rdkg0cCahYZjh0E4UEBFyaIXDs7HfugOlWSyvzSiBriB9ySJGibFSUDz11SAOfDpgN5mvBAbZy7GvmYBb7EeK0MwPibJCX5DgO5FnRzk+v6kExZJbdifAs8SbkhKa4jIoPvu9mKYCpKGcaN3x3MR0M6IMoxzygp9qSAgdkj50LJVEgO5mkzNzfGCVHo5iZZ80eKL+nMiI0HokQpsUxAz0X28s/ud1UhPVuhmTSWpA0q9FUcqxifG4M9xjCqjhI0sIVcz+FdMBseUY22zBluD9PXmWNCtl77hcvaqW6rVpHStoD+2jQ+ShE1RHF+gSNRBF9+gRPaMX58F5cl6dt6/onDOd2UW/4Hx8Akikpjo=</latexit>

⇢end� ' �̄end

3
E2
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<latexit sha1_base64="V6LAuTsDn0qR7W3ze7YM4w3j/2M=">AAACAHicbVC7TsMwFHXKq4RXgIGBxaJCYqFKUAUdi1gYi0QfUhMix3Vaq04c2Q5SFWXhV1gYQIiVz2Djb3DaDNByJEtH59yr63OChFGpbPvbqKysrq1vVDfNre2d3T1r/6AreSow6WDOuOgHSBJGY9JRVDHSTwRBUcBIL5jcFH7vkQhJeXyvpgnxIjSKaUgxUlryrSNXjLl/Dd1E8ERxiB6y80Zumr5Vs+v2DHCZOCWpgRJt3/pyhxynEYkVZkjKgWMnysuQUBQzkptuKkmC8ASNyEDTGEVEetksQA5PtTKEIRf6xQrO1N8bGYqknEaBnoyQGstFrxD/8wapCpteRuMkVSTG80NhyqBOWrQBh1QQrNhUE4QF1X+FeIwEwkp3VpTgLEZeJt2LunNZb9w1aq1mWUcVHIMTcAYccAVa4Ba0QQdgkINn8ArejCfjxXg3PuajFaPcOQR/YHz+ANxylUE=</latexit>

⇢
A /

a �4

<latexit sha1_base64="feW0gIuFYL4OxzIgI94zgeLOkEA=">AAAB8HicbVBNS8NAEJ3Urxq/qh69LBbBU0lEtMeKF48V7Ie0oWy2m3bpbjbsboQS+iu8eFDEqz/Hm//GTZuDtj4YeLw3w8y8MOFMG8/7dkpr6xubW+Vtd2d3b/+gcnjU1jJVhLaI5FJ1Q6wpZzFtGWY47SaKYhFy2gknt7nfeaJKMxk/mGlCA4FHMYsYwcZKj301loMb5LqDStWreXOgVeIXpAoFmoPKV38oSSpobAjHWvd8LzFBhpVhhNOZ2081TTCZ4BHtWRpjQXWQzQ+eoTOrDFEkla3YoLn6eyLDQuupCG2nwGasl71c/M/rpSaqBxmLk9TQmCwWRSlHRqL8ezRkihLDp5Zgopi9FZExVpgYm1Eegr/88ippX9T8q9rl/WW1US/iKMMJnMI5+HANDbiDJrSAgIBneIU3RzkvzrvzsWgtOcXMMfyB8/kDJG6PTA==</latexit>⇢A
<latexit sha1_base64="GdwbKmbamb41DdNtndnLUAVWYqY=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4sSRatMuCG5cV7AOaGCbTSTN0kgkzE6GEght/xY0LRdz6E+78GydtFtp6YOBwzr3cOSdIGZXKtr+NpeWV1bX1yoa5ubW9s2vt7XckzwQmbcwZF70AScJoQtqKKkZ6qSAoDhjpBqPrwu8+ECEpT+7UOCVejIYJDSlGSku+deiKiPsujih0U8FTxSG6z88uJqbpW1W7Zk8BF4lTkioo0fKtL3fAcRaTRGGGpOw7dqq8HAlFMSMT080kSREeoSHpa5qgmEgvn2aYwBOtDGDIhX6JglP190aOYinHcaAnY6QiOe8V4n9eP1Nhw8tpkmaKJHh2KMwY1EmLQuCACoIVG2uCsKD6rxBHSCCsdG1FCc585EXSOa85l7X6bb3abJR1VMAROAanwAFXoAluQAu0AQaP4Bm8gjfjyXgx3o2P2eiSUe4cgD8wPn8AZPSWrQ==</latexit>

⇢� / a�3

<latexit sha1_base64="/yCsDMBr82dC34xElHfAQkePzi0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkaI8FLx4r2A9sQtlsN+3SzW7Y3Qgl9F948aCIV/+NN/+NmzYHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8tUEdohkkvVD7GmnAnaMcxw2k8UxXHIaS+c3uZ+74kqzaR4MLOEBjEeCxYxgo2VHn01kUOfTFhlWK25dXcBtE68gtSgQHtY/fJHkqQxFYZwrPXAcxMTZFgZRjidV/xU0wSTKR7TgaUCx1QH2eLiObqwyghFUtkSBi3U3xMZjrWexaHtjLGZ6FUvF//zBqmJmkHGRJIaKshyUZRyZCTK30cjpigxfGYJJorZWxGZYIWJsSHlIXirL6+T7lXdu6437hu1VrOIowxncA6X4MENtOAO2tABAgKe4RXeHO28OO/Ox7K15BQzp/AHzucPCl2Qew==</latexit>⇢�

<latexit sha1_base64="LnJtgOE3X3H19jqCtw4hQ1DUK7w="></latexit>

⌦�

⌦CDM
=

8.2 · 1013

✏
3
R

✓
gDE

H
2
end

◆3

e
�⇡

m2
�

gDE

✓
Hend

1014 GeV

◆5/2
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FIG. 1. Contours of ⌦�/⌦CDM = 1 with gD the dark gauge
coupling, E the magnitude of the dark electric field at the
end of inflation, and m� the mass of the dark (scalar) elec-
tron. The Hubble parameter at the end of inflation is labeled
Hend while ✏R parametrizes the fraction of the energy den-
sity transferred from the inflaton to the visible radiation at
reheating (see Eq. (10)). The dotted, dashed, and solid black
lines show contours where the dark electrons relic abundance
matches the one observed for dark matter, ⌦� = ⌦CDM. The
light blue region is excluded by the constraint in Eq. (17).

DARK MATTER PARAMETER SPACE

We have learned that once the dark electrons are pro-
duced at the end of inflation they simply redshift like
non-relativistic matter until today. Thus to see if they
can account for the observed dark matter relic abundance
we only have to use Eq. (11) and set ⇢�(T0) = ⇢CDM =
9.6 · 10�48 GeV4 with T0 ' 2.3 · 10�13 GeV the current
temperature of the universe. We can then write the ratio
⇢�(T0)/⇢CDM = ⌦�/⌦CDM as,

⌦�

⌦CDM

=
8.2 · 1013

✏
3

R

✓
gDE

H
2

end

◆3

e
�⇡

m2
�

gDE

✓
Hend

1014 GeV

◆5/2

.

(18)
In Fig. 1 we present contours of ⌦�/⌦CDM = 1 showing
the parameter space where the dark electrons can con-
stitute the entirety of dark matter. As can be seen, due
to the exponential suppression in Eq. (18), the final dark
matter parameter space available is limited to values of
m� & Hend ' (1012 � 1014)GeV. Furthermore, the con-
straints of Eq. (16) and Eq. (17), combined with the dark
matter abundance requirement of ⌦�/⌦CDM = 1, imply
✏R is relatively close to 1. Thus inflationary Schwinger

production points to a high scale of inflation with a dark
electron dark matter mass a few times larger and very
e�cient reheating. This holds generically for any mecha-
nism which can generate the necessary background dark
electric field though the viable parameter space can be
somewhat larger in specific cases such as the one explored
in Eq. (1) which leads to [6, 13].

SUMMARY AND DISCUSSION

We have considered a minimal setup to explain the
origin of dark matter consisting of a dark U(1)D gauge
group containing a dark photon and dark (scalar) elec-
trons, �. If the dark photons form a strong constant
classical electric field during inflation, dark electrons are
inevitably produced via the Schwinger e↵ect. The pro-
duction occurs in the ‘strong electric force’ regime where
gDE > H

2. The electric force acts to accelerate the dark
electrons once they are produced. Thus, to ensure a vi-
able cold dark matter candidate, the dark electrons must
be very heavy with m� & H implying they are non-
relativistic at production. Their energy density is expo-
nentially suppressed compared to the dark electric field
which in turn is small compared to that stored in the
inflaton. However, because the dark electrons redshift as
non-relativistic matter eventually they come to dominate
the energy budget of the universe and can provide a vi-
able cold dark matter candidate. This requires a high
Hubble scale of inflation of order H ⇠ 1014 GeV. Fur-
thermore, reheating must be e�cient meaning that the
inflaton has to transfer roughly a third of its energy den-
sity to radiation in the visible sector. We did not explore
mechanisms of reheating, but it would be interesting to
explore those that can achieve a high e�ciency.
The dark matter production mechanism discussed here

is non-thermal. The dark sector does not thermalize with
itself and remains decoupled from the thermal bath of
the visible sector as we assumed no coupling between
the two sectors. One could contemplate introducing a
kinetic mixing between the dark and visible (electromag-
netic) U(1)’s. Since the dark electrons are super heavy,
m� ⇠ 1014 GeV one could in principle allow for a large
kinetic mixing and still avoid thermalization as the cross
sections and reaction rates are suppressed by the large
m�. A large kinetic mixing could give some leverage
for possible experimental searches of this type of dark
matter. As discussed above, there could also be interest-
ing implications for structure formation due to the dark
coulomb interaction, but we leave a dedicated study of
these interesting possibilities for future work.
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Back of the envelope estimates indicate that 
the screened Coulomb force can have 
interesting implication in structure formation.

Constraints: 
- the dark fermions must remain non-relativistic
- they don’t thermalize with the dark photons



Lorenzo Ubaldi Dark Photon Dark Matter17

Conclusions

• Dark photon dark matter is not easy to make

• The scenario with superheavy dark fermions with a (massless) dark 

photon mediator has not been killed yet. Maybe interesting to study LSS 

implications. 


