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Dark Sectors o

Sectors are mostly separate with their own interactions...




i MVQ v‘ | Holdom Phys. Lett. 166B, 196 (1986)

Dark Sector

.. with a mediator possessing some small mixing with the SM.
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Holdom Phys. Lett. 166B, 196 (1986)
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Photons

Vector mediator of the dark sector.
Mixing with SM photon generated by UV physics.
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qn"y ~ Holdom Phys. Lett. 166B, 196 (1986)

Dark Photons

Simple, renormalizable interaction between two sectors.
Two parameters: mixing € and mass 71,..
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Scenario I: Dark Photon Existence

The existence of the dark photon, with no further assumptions,
already leads to cosmological signatures.
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Light dark photons may even be all of dark matter itself:
additional and distinct cosmological signatures.
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Dark Photon Oscillations

SM charged under interaction eigenstate of the photon,
which 1s not a propagation eigenstate.




Mixing in Neutrinos

Neutrinos are produced in
flavor or interaction eigenstates...
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Neutrino Oscillations

... that are not propagation eigenstates.
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There is a characteristic oscillation length of maximum conversion.
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Lighter Dark Photons

—9 2 mZIL
L~ 10°m 0ev Y P, 4= 4¢2sin? | —2
My GHz 4w

Reason #1 for Cosmology: Difficult with terrestrial probes.
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Lighter Dark Photons




Dark Photon
Oscillations
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Nonresonant Oscillations

Photons are massless in vacuum. Energy gap between
y and A’ lead to nonresonant oscillations (like neutrinos).
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Pho

1/2

n

m, ~2x107*eV -
2.5%x10~7cm=3

mean electron
number density today

But photons pick up an effective mass in a plasma.
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H omogeneous Plasma Mass

Homogeneous plasma mass

-8 Jree electron fraction
. <
% 10719
‘S 1011 _g/ ~ 2 X 10—14 eV (e o, )1/2(1 n Z)3/2
10~
10—13
o
02 10010 0 1R ar 0 mean electron number
Redshift 2 density today

Under the assumption of homogeneity,
107 14eV <m, < 10~ eV after recombination.
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Mirizzi+ 0901.0014, Caputo, HL, Mishra-Sharma & Ruderman 2004.06733
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Homogeneous Plasma Mass

Homogeneous plasma mass

free electron fraction

reionizaOn m, =~ 2% 1074 eV (e,ox)l/z(l + 7)2

mean electron number
Redshift - density today

Under the assumption of homogeneity,

1071*eV < m, < 10~ eV after recombination.
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Resonant Oscillatio ons
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Resonant Oscillations
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onant Oscillatiqns
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Takeaways

: <3

1. Cosmological scales good for long oscillation length.
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m}/ — mA/

2. Resonant oscillations due to medium eftects
are important cosmologically.
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see also:

Bondarenko+ 2002 “
A. A. Garcia+ 2003.102

onant Oscillations
he Real Universe
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Cosmic Microwave Background

COBE/FIRAS CMB spectrum

400

— Blackbody Toyp = 2.725 K

T The CMB is very close to a
= 200 perfect blackbody.

Z

4

= of I COBE/FIRAS data Spectral distortions due

ceee o ma=4x107PeV, e=6x 107° ) g
toy — A’ disappearance
highly constrained.

Residuals

me*my, | dIn m}?
.
= @ dz




Resonant Oscillations

Homogeneous plasma mass —1
—9 A=
= = . 0 dr
10_10 l [ =les
— 1071 1 L
= 2 Resonant oscillations when
F\ —
‘S 10—13 m}/ — mA/ .
10~ 14 .
" Conversions after
0-16 recombination covers

102 101 109 101 102 103 104 10—14 eV < mA/ < 10—9 eV .
Redshift 2
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Inhomogeneous plasma mass m,,

Homogeneous plasma IMass 71~

T B M B
106 108

nm, .
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Fluctuations in electron density means m, # 71,
Numerous resonance crossings along each photon path...
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- —— Analytic crossing probability

: Crossings in simulation \
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... but we can average over photon paths analytically!
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Analytlc Formalism

e ms,

(1)

5D(m — mA)m

(P,_p) = Jdt[dmzf(my,t)

2

flm@gmre over m,

re2m?

(1)

(P4 = "dtf(myz = my; 1)

Finding the average conversion probability reduces to knowing
the PDF of the plasma mass squared.
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One-PO].nt PDF 2107V (25><10 7cm‘3> 2(1%))

(zaussian simulation

m}g X n, — f(mf; 1) oc; 1)

one-point PDF g
@C bar yon ﬂucmamns

5b—

mf fluctuations directly related to
baryon density fluctuations, a well-

defined cosmological parameter.

e 0 36
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Linear Regime

Oy = ——

(zGaussian simulation

1 %
P03 2) = ——=¢xp (—2 > )
\/ 2762(2) 05(2)

When z > 20, fluctuations are small

and Gaussian, characterized fully by

the variance, 67
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Analvtlc vs. Simulation

(zaussian simulation

Simulation vs. analytic probability

kmax = 20 h Mpc_l — Analytic
ra = 2.5 Mpc h™! - = = (Gaussian simulation

96 98 100 102 104
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Caputo, HL, Mishra-Sharma & Ruderman, 2004.06733

_4 pPhenomenological:
" variance from
— | Log-normal PDF # baryonic simulations.

z = 0.0
== Analytic PDFE . .
T —— Voids PDF ~& theoretically motivated, |
:\:~ 102 ‘\ Ivanov, Kaurov & Sibiryakov 1811.07913 §
]

10+ Ny . . .
S ¥ from simulations of voids:
< 10 useful for underdensities
e 1078 Adermann, Elahi, Lewis & Power
1703.04885, 1807.02038
10 10
112 good agreement between

107" 0 10% « fzduzczal for i
1+ (55 — -'m.?‘,/m,y 7107 < T+ Op < 107

Probability Density Functions

fiducial




g——

—Constraints on
Dark Photons
Existing

“
3

Hongwan Liu (NYU/Princeton) - ap— N njin Normal University - 24 May 2023 40

R,

OTIY
: ‘ - T
N <N R



\J =
\ﬁ %ﬁ . Fixsen+ astro-ph/9605054

Cosmic Microwave Background

COBE/FIRAS CMB spectrum

400

— Blackbody Toyp = 2.725 K

T The CMB is very close to a
= 900 perfect blackbody.

Z

z

S oF I COBE/FIRAS duta Spectral distortions due

may =4x1071eV, e =6 x 107° . .
to disappearing photons

are highly constrained.

Residuals

me*my, | dIn m}?
.
= @ dz




Caputo, HL, Mishra-Sharma & Ruderman, 2002.05165, also Garcia+ 2003.10465

Constralnts th Inhomogeneities

COBE/FIRAS ~ — A’

"‘ Jupiter

107LE

. Homogeneous
10-2 k- '\\ === Log-normal PDF
: : S~ —— Analytic PDF
conversions in 10-3 ~J
at low redshifts 107
v 107° i
. | NN " Samaa,
weakening as 106 i
conversion probability prec] . S
pushed into future 8 L,
10_ = \.\O eCtIO .
1072 <1+6 <102 L
0—9

m [eV]

ormal ~M'A May 2023
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conversions in
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Dark photons can be
probed by cosmology.

Easy to include inhomogeneities!



Dark Photon
Dark Matter
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Light dark photons may even be all of dark matter itself:
additional and distinct cosmological signatures.




Resonant Conversion into Photons

m}/ — mA/

Oscillations convert A’ dark matter
to low frequency photons which are rapidly absorbed.

o\ 2 - 2
104K 10-14eV
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Conversion Conversion Bremsstrahlung)

Low-frequency photons rapidly absorbed, leading to strong
heatlng of the gas. Can we detect thls effect'?
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. Caputo, HL, Mishra-Sharma & Ruderman 2002.05165, see also Witte+ 2003.13698

Intergalactlc Medium Heating

He reionization DM A’ — «

Dark matter A" — y resonant
conversions produce low-energy
photons that heat the IGM.

Must include inhomogeneities.

=== Log-normal PDF 3 . .:
=== Analytic PDF V
Hell (Homogeneous) Qa = OQpum
Dark Ages (Homogeneous) 1072 <1+ 4 < 10?

Constraints can be roughly set by
requiring Tycy S 10% K for
consistency with 2 < z < 5 Lya forest.

10°1% 1071 107 1071 10712 101! 10710 107?
my [eV]
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Low-Redshift Lya Dlscrep ancy

- AGN (ref)
: HO2 :
Lyman Alpha Forest 003- F I\ - - - -Strong AGN
- : ' Blazar 4
= of e 9 0.02- R HST/COS -
w1l BN S 3 ! XN. ¢ «—— dataat j
: 5 X A z~ 0.1 f
0.01: R .
simulations e
calibrated to N % i ]
OO0 ‘
i . 1.5 :
: P : ~ 1.0F.
1,000 1,200 1,400 , <~ 0.5 e ks o I
Wavelength (Angstrom) S gg R < S S " S
20 40 60
b [km s™]

IGM simulations find Lya Doppler widths that are
too narrow at low redshifts compared to observations.
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Bolton+ 2111.09600

Low-Redshift Lya Dlscrep ancy

0.04 T 1 T | T T T T T T T T T T 1 l 7
e ) 2TF . o, --0.43 ig.éé (b,=0) ;
v Cy I o, = 1.334°% (b,,=0.73b,,.,) *
0.03 [ - - = = = Strong AGN A\
o T 1 Blazar —_
7 - -
- .‘ 7
= 0.02- | % N % HST/COS >
[} .
: ] — data at .
‘ z~ 0.1 g
0.01- o
% simulations ®))
calibrated to o
0.00&. ., . 25255, o
1.5 Ess
~ 1.0\ } O
~ 0.5F '\ e
L g.0E o
Q /7
95527 |
20 40 60 80
b [km s7] E [eV]

Cannot be explained by increased feedback,
or steeper 1on1z1ng radlatlon spectrum
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Low- Redshift Lya Dlscrep ancy

vvvvvvvvvvvvv

AGN (ref) 21 -, - 043435 (uec0) ;
1 HO2 ) \ BN o= 1.33 1035 (Dy=0.73b0) -
0.03 i - = = = Strong AGN AR
' 7 Blazar — :
'. | 2 22
% 0.02- , % HST/COS > U
! «—— dataat o :
a =
G
0.01: T
% simulations o 23
calibrated to o
0.00&. . 25255 2
1.5 >
Ly 1.0 ‘\ } < :
s 0.5F e 24 ¢
S 0.0 TR ;
a - 7 ‘
29;8_9_}} . | | : . A S
20 40 60 80 10 100
b [km s7] E [eV]

Requires u = 6.9 eV per baryon on average for z < 2,
with den81ty dependence u AV, Possibly: turbulence dust.
Hongwan Liu ‘ \\Q%\ *@‘3 4 May 2023 ‘




Bolton, Caputo, HL, Viel 2206.13520

N s Sy 2
/1 O Gai1k3wad+21 ) d ln m}/
44+ 7’| O Hiss+18 —
M Py, = mEMy; gy
S 4.0¢ m,=m
s OV AT
= 3.8
36F . £..=03 —— £ =06 :' .
_ 14 | /
340 804 - - 07 | Dark matter A" — y conversions can

. ; give anomalous heating.

my < 8 X 1071 eV to be consistent
with Lya forestat2 < z S 5.

l0g,o(T/K)

u x A'"? due to photon
plasma mass evolution.
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Dark Photon Dark Matter Heating

07— :
: e n/v=1.13 (prior T,,_,=9500K + 5572K) )

- — — y%,,/v=1.37 (prior T,,_,=9500K + 1393K)

g . Significantly better agreement with
065 0.70 075 0.80 085 090 095 1.00 HST/COS Doppler widths.

mA/(1O CeVc )

883 _ o Viel+17 (HST/COS)
% B No dark photons  :
= 0.02F E
© 0.01F E
0.00E A . A | - :
20 30 40 50 60 70 80
N b [km 3-1]
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Future Work < .=

i | O Gaikwad+21 ;

4.4} /] O Hiss+18 1

- | : <

=420 Qé "&?\e

- : Y, ~ :

o & 400 AR TS Y
Predicts inverted temperature- S 38!/ =08
. . . L — £.,=05 .08
density relation at 7z ~ 3, for which SO b - et - m =03
we have mild evidence for (Rorai+). 0 1 2 3 40 1 2 3 4

Z Z

Use these simulations to set robust
limits on A’ DM, improving on
current estimates.

l0g,,(T/K)

Stay tuned!
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y = A’s CMB is an excellent probe.

~ A'DM = y: Heating effect
potentially detected in Ly-o forest. .-
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