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1 Line

Heating A Plasma is Hard



Dark Photon Dark Matter

1) Well Motivated
• Common in any extra dimensional theory

• We’ve seen massive vectors before

2) Very restricted interactions - Kinetic Mixing
• Acts like a photon but with a smaller ￼α



What does it look like?

Dark Photon Dark Matter

• Dark Matter is non-relativistic (it’s clumped up)

• A massive vector at rest is all Electric field

vnow ∼ 10−3

~E = E0 cos (mDM t) û
<latexit sha1_base64="JiY2aU150ChrslHTFEkceMRSe+A=">AAACGnicbVDLSgNBEJz1bXxFPXppDIJewq4IehFEDXgRIhgVsmGZnfQmg7MPZnoDYcl3ePFXvHhQxJt48W+cxBx8FTQUVd10d4WZkoZc98OZmJyanpmdmy8tLC4tr5RX165MmmuBDZGqVN+E3KCSCTZIksKbTCOPQ4XX4e3J0L/uoTYyTS6pn2Er5p1ERlJwslJQ9vweCqjBIdQCF3yRGvAVRgTbEAfF6fkAyNey0yXYAb/LCfKgXHGr7gjwl3hjUmFj1IPym99ORR5jQkJxY5qem1Gr4JqkUDgo+bnBjItb3sGmpQmP0bSK0WsD2LJKG6JU20oIRur3iYLHxvTj0HbGnLrmtzcU//OaOUUHrUImWU6YiK9FUa6AUhjmBG2pUZDqW8KFlvZWEF2uuSCbZsmG4P1++S+52q16btW72KscHY/jmGMbbJNtM4/tsyN2xuqswQS7Yw/siT07986j8+K8frVOOOOZdfYDzvsnsmCeLw==</latexit><latexit sha1_base64="JiY2aU150ChrslHTFEkceMRSe+A=">AAACGnicbVDLSgNBEJz1bXxFPXppDIJewq4IehFEDXgRIhgVsmGZnfQmg7MPZnoDYcl3ePFXvHhQxJt48W+cxBx8FTQUVd10d4WZkoZc98OZmJyanpmdmy8tLC4tr5RX165MmmuBDZGqVN+E3KCSCTZIksKbTCOPQ4XX4e3J0L/uoTYyTS6pn2Er5p1ERlJwslJQ9vweCqjBIdQCF3yRGvAVRgTbEAfF6fkAyNey0yXYAb/LCfKgXHGr7gjwl3hjUmFj1IPym99ORR5jQkJxY5qem1Gr4JqkUDgo+bnBjItb3sGmpQmP0bSK0WsD2LJKG6JU20oIRur3iYLHxvTj0HbGnLrmtzcU//OaOUUHrUImWU6YiK9FUa6AUhjmBG2pUZDqW8KFlvZWEF2uuSCbZsmG4P1++S+52q16btW72KscHY/jmGMbbJNtM4/tsyN2xuqswQS7Yw/siT07986j8+K8frVOOOOZdfYDzvsnsmCeLw==</latexit><latexit sha1_base64="JiY2aU150ChrslHTFEkceMRSe+A=">AAACGnicbVDLSgNBEJz1bXxFPXppDIJewq4IehFEDXgRIhgVsmGZnfQmg7MPZnoDYcl3ePFXvHhQxJt48W+cxBx8FTQUVd10d4WZkoZc98OZmJyanpmdmy8tLC4tr5RX165MmmuBDZGqVN+E3KCSCTZIksKbTCOPQ4XX4e3J0L/uoTYyTS6pn2Er5p1ERlJwslJQ9vweCqjBIdQCF3yRGvAVRgTbEAfF6fkAyNey0yXYAb/LCfKgXHGr7gjwl3hjUmFj1IPym99ORR5jQkJxY5qem1Gr4JqkUDgo+bnBjItb3sGmpQmP0bSK0WsD2LJKG6JU20oIRur3iYLHxvTj0HbGnLrmtzcU//OaOUUHrUImWU6YiK9FUa6AUhjmBG2pUZDqW8KFlvZWEF2uuSCbZsmG4P1++S+52q16btW72KscHY/jmGMbbJNtM4/tsyN2xuqswQS7Yw/siT07986j8+K8frVOOOOZdfYDzvsnsmCeLw==</latexit><latexit sha1_base64="JiY2aU150ChrslHTFEkceMRSe+A=">AAACGnicbVDLSgNBEJz1bXxFPXppDIJewq4IehFEDXgRIhgVsmGZnfQmg7MPZnoDYcl3ePFXvHhQxJt48W+cxBx8FTQUVd10d4WZkoZc98OZmJyanpmdmy8tLC4tr5RX165MmmuBDZGqVN+E3KCSCTZIksKbTCOPQ4XX4e3J0L/uoTYyTS6pn2Er5p1ERlJwslJQ9vweCqjBIdQCF3yRGvAVRgTbEAfF6fkAyNey0yXYAb/LCfKgXHGr7gjwl3hjUmFj1IPym99ORR5jQkJxY5qem1Gr4JqkUDgo+bnBjItb3sGmpQmP0bSK0WsD2LJKG6JU20oIRur3iYLHxvTj0HbGnLrmtzcU//OaOUUHrUImWU6YiK9FUa6AUhjmBG2pUZDqW8KFlvZWEF2uuSCbZsmG4P1++S+52q16btW72KscHY/jmGMbbJNtM4/tsyN2xuqswQS7Yw/siT07986j8+K8frVOOOOZdfYDzvsnsmCeLw==</latexit>



What does it look like?

Looking for dark matter is as simple as 
looking for an oscillating electric field!

E.g. A leading experimental proposal is using 
a (very good) antenna to look for this E field
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~E = E0 cos (mDM t) û
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Early Universe Plasma

Famously plasmas oscillate at plasma frequency

Like a swing, if 
frequencies match the 
amplitude grows a lot!



Early Universe Plasma

Too much energy in plasma and model is excluded

￼  and y distortions - ￼μ Δρ ≲ 10−4,−5ργ

If the plasma frequencies match, inject energy 
until the above occurs and you are excluded!



Early Universe Plasma

If the plasma frequencies match, inject energy 
until the above occurs and you are excluded!

Non-linearities push you off resonance when 

Δρ ∼ ρK.E.
e− ∼ 10−10ργ

￼  and y distortions - ￼μ Δρ ≲ 10−4,−5ργ

Too much energy in plasma and model is excluded



Early Universe Plasma

A swing

￼  grows linearly with time until it goes off 
resonance because of non-linear term

ϕ

ω2
eff = ω2 − 3λϕ2

@2
t �+ !2 sin� ⇡ @2

t �+ !2�� ��3 = J cos(!t)
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Numerical Simulation

Theory is hard - Pictures/Videos are easy

γ

Step 1 - Write Mathematica Code



Theory is hard - Pictures/Videos are easy

Step 1 - Write Mathematica Code

• Grows as expected
• Eventually growth stops - off resonance
• Additional surprise - fragments!

Numerical Simulation



Theory is hard - Pictures/Videos are easy

Step 1 - Write Mathematica Code

• Grows as expected
• Eventually growth stops - off resonance
• Additional surprise - fragments!

Step 2 - Write better C code
Step 3 - Realize why people do this for a living
Step 4 - Ask an expert for help

Numerical Simulation



1. Initial instability from acoustic waves
2. Acoustic waves die off and a mess remains

Numerical Simulation
Large Electric Field Limit
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FIG. 1. The important time scales (Left axis) and veloci-
ties (Right axis) in our study as a function of scale factor a.
The red and orange solid lines show inverse electron and ion
plasma frequency, the blue solid line show the electron ion en-
ergy exchange time, while the black dot-dashed line shows the
duration of the resonance "/H for " = 10�8. The blue dashed
line shows the electron thermal speed, while the red dashed
shows the DPDM quiver velocity v

D
q also for " = 10�8.

dau Zener transition with !p/mA0 changing much faster
than in realistic scenarios.

Similarly, in a realistic situation, the DPDM driving
field has amplitude

v
D
q ⌘

"eE
0

!pme
= "

✓
2⇢DM

Xe⇢e

◆1/2

' 10�6

✓
1

Xe

◆1/2 ⇣
"

10�8

⌘
,

(5)
where Xe the electron ionization fraction, whereas the
electron thermal speed is shown in Fig. 1 [58]. To best
approximate the parameters of interest, we simulate a va-
riety of vDq /v

e
th ratios ranging from 0.1 to 10�3, and show

the two qualitatively di↵erent regimes of evolution 4.
a. Resonant conversion Let us first discuss the re-

sults for mA0 = !p. As shown in Fig. 2, 8 and [59],
energy is transferred from DPDM to the k = 0 Langmuir
wave at the beginning of evolution. During this period,
the electric field grows linearly with time, and the energy
density !

2
pt

2 (see App. A), while perturbations at higher
k grow due to the ponderomotive force. After this initial
period, two qualitatively di↵erent behaviors exist.

Let us start with the slow growth regime (vDq /v
e
th .

(me/mp)1/2/2 ⇡ 0.01), shown in the lower panel of Fig. 2
and [59]. The solid red line (hE2(t)i/2) grows while os-
cillating at the plasma frequency, closely following the
linear prediction (purple line) until nonlinear e↵ects and
k 6= 0 modes become important. As we explained earlier,
nonlinear e↵ects become important when vq/v

e
th ! 1. In

Fig. 2, this manifests itself as the average electron speed,
roughly the quiver velocity vq (red dashed line) approach-
ing v

e
th (black dashed line). At this point, the red line

deviates from the purple, and the black line (the energy
stored in the k 6= 0 modes) increases. At late time, the
black line matches where the red line was, indicating that

4
Videos of these simulations can be found at [59]

FIG. 2. Numerical results for resonant conversion with !p =
mA0 . The solid lines (left axis) show the various energy densi-
ties (�E) as a function of time, while the dashed lines (right
axies) show the various thermal speeds as a function of time.
The dotted gray line shows the initial thermal energy in the
system as a comparison. The purple solid line shows the naive
expectation for the growth of electron energy in linear theory
of t2, while the red solid line shows the actual evolution in
PIC simulations. The upper panel is for a strong DPDM field
with v

D
q /v

e
th = 0.03 while the lower panel is for a weak DPDM

field with v
D
q /v

e
th = 10�3.

O(1) of the energy has been transferred into the higher
k modes and thermal energy of the electrons. The clear
departure from the purple line demonstrates that energy
deposition has gone o↵-resonance and e↵ectively stops.

The physics behind these numerical features is as fol-
lows. For v

D
q /v

e
th . 0.01, the timescale for the growth

of the k = 0 Langmuir wave to vq/v
e
th ' 1 is much

longer than that for the growth and oscillations of the
ion acoustic wave. In this case, the nonlinearities lead to
a slow down of the resonant transfer before the energy
density stored in the Langmuir wave becomes compara-
ble to the initial thermal energy of the electrons, roughly
(vq/veth)

2. This initial slow down can be described semi-
analytically by solving the Zakharov equations [44]. The
high-k mode of the Langmuir wave is excited by the sub-
and super-sonic modulational instability, while the ion
acoustic wave is excited by the electrostatic decay insta-
bility, which also populates a variety of k ranging from
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Large Electric Field Limit

Numerical Simulation

Numerical E

Analytic E (no 
nonlinearities)

Stops at ￼t ∼ 1/ωp,ion



Large Electric Field Limit

Numerical Simulation

Total Energy Injected into 
Plasma



Small Electric Field Limit

1. Starts to grow
2. Stops when acoustic waves (charge neutral) are important 
3. Acoustic waves die off and a mess remains

Numerical Simulation



Small Electric Field Limit
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where Xe the electron ionization fraction, whereas the
electron thermal speed is shown in Fig. 1 [58]. To best
approximate the parameters of interest, we simulate a va-
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the two qualitatively di↵erent regimes of evolution 4.
a. Resonant conversion Let us first discuss the re-

sults for mA0 = !p. As shown in Fig. 2, 8 and [59],
energy is transferred from DPDM to the k = 0 Langmuir
wave at the beginning of evolution. During this period,
the electric field grows linearly with time, and the energy
density !
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2 (see App. A), while perturbations at higher
k grow due to the ponderomotive force. After this initial
period, two qualitatively di↵erent behaviors exist.

Let us start with the slow growth regime (vDq /v
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linear prediction (purple line) until nonlinear e↵ects and
k 6= 0 modes become important. As we explained earlier,
nonlinear e↵ects become important when vq/v
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th ! 1. In

Fig. 2, this manifests itself as the average electron speed,
roughly the quiver velocity vq (red dashed line) approach-
ing v
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th (black dashed line). At this point, the red line

deviates from the purple, and the black line (the energy
stored in the k 6= 0 modes) increases. At late time, the
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FIG. 2. Numerical results for resonant conversion with !p =
mA0 . The solid lines (left axis) show the various energy densi-
ties (�E) as a function of time, while the dashed lines (right
axies) show the various thermal speeds as a function of time.
The dotted gray line shows the initial thermal energy in the
system as a comparison. The purple solid line shows the naive
expectation for the growth of electron energy in linear theory
of t2, while the red solid line shows the actual evolution in
PIC simulations. The upper panel is for a strong DPDM field
with v

D
q /v
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th = 0.03 while the lower panel is for a weak DPDM

field with v
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q /v

e
th = 10�3.

O(1) of the energy has been transferred into the higher
k modes and thermal energy of the electrons. The clear
departure from the purple line demonstrates that energy
deposition has gone o↵-resonance and e↵ectively stops.

The physics behind these numerical features is as fol-
lows. For v
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th . 0.01, the timescale for the growth

of the k = 0 Langmuir wave to vq/v
e
th ' 1 is much

longer than that for the growth and oscillations of the
ion acoustic wave. In this case, the nonlinearities lead to
a slow down of the resonant transfer before the energy
density stored in the Langmuir wave becomes compara-
ble to the initial thermal energy of the electrons, roughly
(vq/veth)

2. This initial slow down can be described semi-
analytically by solving the Zakharov equations [44]. The
high-k mode of the Langmuir wave is excited by the sub-
and super-sonic modulational instability, while the ion
acoustic wave is excited by the electrostatic decay insta-
bility, which also populates a variety of k ranging from
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Experimental/Lab-based bounds are now the world’s leading constraints on 
dark photon dark matter



Conclusion

Plasma Physics is complicated!

• Numerically - Energy deposition is capped at 
kinetic energy of electrons

• Annoying for energy deposition constraints
• Full 3D simulations need to be done to capture the proper final state

• Perhaps there are other cool new ways to look 
for the presence of a background oscillating 
electric field with plasmas


