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Particle Production from the Sun

Sun
𝑇⊙ ~ 1 𝑘𝑒𝑉 Earth

Free-streaming



What’s the maximum flux at Earth?

Sun
𝑇⊙ ~ 1 𝑘𝑒𝑉 Earth

Free-streaming

Luminosity of dark sector particles is limited by the cooling argument

𝐿! < 0.01𝐿⊙ ~ 4×10#$ 𝑒𝑟𝑔 𝑠%$

𝐹! =
𝐿!

4𝜋𝐷& 𝐸
≲ 10$# 𝑐𝑚%&𝑠%$

𝐷 = 1 𝐴𝑈
𝐸 ~ 𝑇⊙ ~ 1 𝑘𝑒𝑉

This is not enough flux to detect dark sector particles!



What if we add strong self-interactions?

𝐸 ~ 𝑇⊙

𝐸 ~
2
3𝑇⊙

𝐸 ~
5
9𝑇⊙

� Self-thermalized plasma

� Boosted under its pressure

� Relativistic steady outflow

“Dark Solar Wind”



Flux of dark solar wind
𝐿! < 0.01𝐿⊙ ~ 4×10#$ 𝑒𝑟𝑔 𝑠%$

𝐹! =
𝐿!

4𝜋𝐷& 𝐸
≲ 10$# 𝑐𝑚%&𝑠%$

𝐿" and 𝐷 are	the	same,	but

𝐸 ~
𝐿"
4𝜋𝑟⊙#

$/&

≲ 0.1 𝑒𝑉

~4 orders of magnitude larger flux
with ~4 orders of lower energies 

𝐷 = 1 𝐴𝑈
𝐸 ~ 𝑇⊙ ~ 1 𝑘𝑒𝑉

𝐹! =
𝐿!

4𝜋𝐷& 𝐸
≲ 10$' 𝑐𝑚%&𝑠%$



Model : Millicharged particles

� Dark Photon 𝐴AB :  A gauge boson of 𝑈 1 C

� Millicharged Particle 𝜒 (MCP) :  A fermion charged under 𝑈 1 C

� Model parameters :  𝜖, 𝛼C =
D!
"

EF , 𝑚G ≪ 𝑇⊙



Parameter Space
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𝜖𝛼"
$/# < 2 ×10'$(

Vogel and Redondo, 1311.2600



Parameter Space
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LPM effect

𝜖𝛼"
(/# > 2×10'#)



Parameter Space

Perfect Fluid
Dark Solar Wind
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Fluid Dynamics

𝑇!" = #𝜌 + #𝑝 𝑢!𝑢" − #𝑝𝑔!"

𝜕!𝑇!" = 𝜎" = (𝑄̇, 0,0,0)

𝑎 "𝑇( =
∫)
* 𝑟+,𝑄̇ 𝑟+ 𝑑𝑟′
𝑟,𝛾,𝑣

𝜕 l𝑛 𝑣
𝜕 ln 𝑟 =

1/3 +𝑣,

1/3 −𝑣, 𝑓 𝑟 −
2 1 − 𝑣,

1 + 3𝑣,

𝑄̇ ∝ 𝜖#𝛼" is	power	per	unit	volume

𝑓 𝑟 =
𝑟*𝑄̇ 𝑟+

∫,
- 𝑟+#𝑄̇ 𝑟+ 𝑑𝑟′



Dark Fluid Profiles
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Dark Fluid Profiles
𝜕 l𝑛 𝑣
𝜕 ln 𝑟 =

1/3 +𝑣#

1/3 −𝑣# 𝑓 𝑟 −
2 1 − 𝑣#
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� The equation blows up at 𝑣 = 1/3

� At the sonic point, RHS needs to be 0
(𝑓 𝑟 = 2/3)



Dark Fluid Profiles
𝜕 l𝑛 𝑣
𝜕 ln 𝑟 =

1/3 +𝑣#

1/3 −𝑣# 𝑓 𝑟 −
2 1 − 𝑣#

1 + 3𝑣#

� The equation blows up at 𝑣 = 1/3

� At the sonic point, RHS needs to be 0
(𝑓 𝑟 = 2/3)

� 𝑣 𝑟./012 = 1/3
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Dark Fluid Profiles
𝜕 l𝑛 𝑣
𝜕 ln 𝑟 =

1/3 +𝑣#

1/3 −𝑣# 𝑓 𝑟 −
2 1 − 𝑣#

1 + 3𝑣#

� The equation blows up at 𝑣 = 1/3

� At the sonic point, RHS needs to be 0
(𝑓 𝑟 = 2/3)

� 𝑣 𝑟./012 = 1/3

� We can get b𝑇(𝑟)
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𝑎 b𝑇& =
∫,
- 𝑟+#𝑄̇ 𝑟+ 𝑑𝑟′
𝑟#𝛾#𝑣



Dark Fluid Profiles
𝜕 l𝑛 𝑣
𝜕 ln 𝑟 =

1/3 +𝑣#

1/3 −𝑣# 𝑓 𝑟 −
2 1 − 𝑣#

1 + 3𝑣#

� The equation blows up at 𝑣 = 1/3

� At the sonic point, RHS needs to be 0
(𝑓 𝑟 = 2/3)

� 𝑣 𝑟./012 = 1/3

� We can get b𝑇(𝑟)

𝑎 b𝑇& =
∫,
- 𝑟+#𝑄̇ 𝑟+ 𝑑𝑟′
𝑟#𝛾#𝑣
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Similar to Parker’s solar wind,
but asymptotes to the fireball solution

𝛾 ∝
𝑟

0𝑇 ∝ 1/𝑟

𝐸 ~ 𝛾 2𝑇 ~ const
𝑛 ~ 𝛾 2𝑇g ~ 1/𝑟h



Parameter Space

10-20 10-18 10-16 10-14 10-12
10-6

10-5

10-4

10-3

10-2

0.1

1

10-20 10-18 10-16 10-14 10-12
10-6

10-5

10-4

10-3

10-2

0.1

1



Conclusions
� Dark sector particles can be produced from the Sun

� If they have strong self-interactions, they thermalize and form 
dark solar wind

� Dark solar wind leads unique phenomenological signatures 
near the Earth

� Predicts higher flux but smaller energy compared to the free-
streaming case

� Dark solar wind encourages new experimental directions
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Production from the Sun

� In the core of the Sun, photon gets a thermal mass

𝑚i ~ 𝜔j =
EFkl(
m(

� Plasmon decays to MCP, and this is the dominant production 
mechanism for small mass MCP

� Production rate Γi∗→GoG ∝ 𝜖h𝛼C



Self-thermalization

� Well-studied in reheating scenarios

� Number changing processes play most 
important role for thermalization 

� In our case, soft bremsstrahlung of dark photon 
is most relevant process

� Need Γ#→% > 𝑟&'()*+



Self-thermalization
� MCP produced from the core of the sun has
◦ 𝐸!"#$ ~ 𝑇⊙ ~ 1 𝑘𝑒𝑉
◦ 𝑛!"#$ ~ 𝑛̇&𝑟'(#)

◦ 𝜔* ~
+3,4567
-4567

./0

� Naïve expectation for Γ8→:

Γ8→: ~ 𝛼;Γ8→8<=>? ~
𝛼;:𝑛@ABC
𝜔;8



Landau–Pomeranchuk–Migdal (LPM) Effect

� Γh→g ~ 𝛼Cmin[Γh→hpqrs, 𝑡rqtu
vw ]

� 𝑡rqtu
vw ~ 𝛼C

w/h𝜔C ,  always smaller in our case

� Γh→g ~ 𝛼C
g/h𝜔C > 𝑟xqtyvw

� 𝜖𝛼C
z/h > 2×10vh{



Fluid Dynamics
� MCPs and dark photons are fully thermalized

� Mean free path is small enough so we can assume a 
perfect fluid

𝑇!" = #𝜌 + #𝑝 𝑢!𝑢" − #𝑝𝑔!"

◦ ;𝜌 = 𝑎 2𝑇E, 2𝑇 is the comoving temperature, 𝑎 = F"

g|
2 + }

~
×4

◦ ;𝑝 = w
g ;𝜌

◦ 𝑢A = 𝛾 1, 𝑣⃗ , 𝛾 = 1 − 𝑣h vw/h

◦ 𝑔A� = 𝑔A� = diag(1,−1,−𝑟h, −𝑟h sinh 𝜃)



Continuity Equations

𝜕!𝑇!" = 𝜎"

� 𝜈 = 0 term gives an energy equation

� 𝜈 = 1,2,3 terms give momentum equations

� 𝜈 = 2, 3 terms vanish assuming spherical symmetry

� 𝜎D = (𝑄̇, 0,0,0),	𝑄̇ is	power	per	unit	volume



Continuity Equations
1
𝑟, 𝜕* 𝑟

,𝛾,𝑣( F𝜌 + F𝑝) = 𝑄̇ 𝑟
1
𝑟, 𝜕* 𝑟

,𝛾,𝑣,( F𝜌 + F𝑝) = −𝜕* F𝑝

� Integrating the energy equation gives

𝑎 "𝑇( =
∫)
* 𝑟+,𝑄̇ 𝑟+ 𝑑𝑟′
𝑟,𝛾,𝑣

� Substituting this to momentum equation gives

1
3 − 𝑣

,

1
3 + 𝑣

,

𝜕 l𝑛 𝑣
𝜕 ln 𝑟

= 𝑓 𝑟 −
2 1 − 𝑣,

1 + 3𝑣,
, 𝑓 𝑟 =

𝑟8𝑄̇ 𝑟+

∫)
* 𝑟+,𝑄̇ 𝑟+ 𝑑𝑟′



Velocity Equation
1
3 − 𝑣

&

1
3 + 𝑣

&

𝜕 l𝑛 𝑣
𝜕 ln 𝑟

= 𝑓 𝑟 −
2 1 − 𝑣&

1 + 3𝑣&
, 𝑎 A𝑇* =

∫+
, 𝑟-&𝑄̇ 𝑟- 𝑑𝑟′
𝑟&𝛾&𝑣

� We set a boundary condition 𝑣 = 0 at 𝑟 = 0

� There are two solutions

◦ Subsonic solution : 𝑣 < 1/3 at all 𝑟
� 𝑣 ∝ 𝑟"# at large radius
� Need finite 0𝑇 at 𝑟 → ∞

◦ Transonic solution : 𝑣 > 1/3 at large 𝑟
� 𝛾 ∝ 𝑟 at large radius
� 0𝑇 ∝ 𝑟"$ at large radius
� Asymptotes to the fireball solution



Massive Cases
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� Thermalization condition changes 

� Profiles remain the same as long as dark sector particles are 
fully thermalized inside the Sun (𝑚 < 2𝑇(𝑟⊙))


