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When some components are tightly coupled,                                                                     
Dark Acoustic Oscillation (DAO) emerges 
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Dark Acoustic Oscillation



DM could be just one particle, only interacting with SM via gravitation


Not necessarily!

Multiple States (eg. dark proton, dark photon, dark neutrino, etc.)


Various interaction within DS (self-interactions) and/or btw SM and DS (portals)


Imprint on Cosmological Observations

Dark Acoustic Oscillation (DAO) 

Possibly in  and  tensions 

Even though gone, worth investigating

H0 S8
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Dark Matter
Dark Sector



Early Universe


CMB fit to 


~68 km/s/Mpc


Late Universe

Cosmic Distance Ladder


~73 km/s/Mpc 

ΛCDM
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Cosmological Tensions
Hubble tension (~4-6 )σ

Snowmass [arXiv:2203.06142]21

Moresco et al. (2022), open wCDM with systematics: 67.8-7.2
+8.7

Moresco et al. (2022), flat ΛCDM with systematics: 66.5 ± 5.4

Hotokezaka et al. (2019): 70.3-5.0
+5.3

Mukherjee et al. (2019), GW170817+VLBI: 68.3-4.5
+4.6

Mukherjee et al. (2020), GW170817+ZTF: 67.6-4.2
+4.3

Gayathri et al. (2020), GW190521+GW170817: 73.4-10.7
+6.9

Palmese et al. (2021), GW170817: 72.77-7.55
+11

Abbott et al. (2021), GWTC–3: 68-8.0
+12.0

Mukherjee et al. (2022), GW170817+GWTC–3: 67-3.8
+6.3

Wong et al. (2019), H0LiCOW 2019: 73.3-1.8
+1.7

Shajib et al. (2019), STRIDES: 74.2-3.0
+2.7

Liao et al. (2019): 72.2 ± 2.1
Liao et al. (2020): 72.8-1.7

+1.6
Qi et al. (2020): 73.6-1.6

+1.8
Millon et al. (2020), TDCOSMO: 74.2 ± 1.6

Yang, Birrer, Hu (2020): 73.65-2.26
+1.95

Birrer et al. (2020), TDCOSMO+SLACS: 67.4-3.2
+4.1

Birrer et al. (2020), TDCOSMO: 74.5-6.1
+5.6

Denzel et al. (2021): 71.8-3.3
+3.9

Wang, Meng (2017): 76.12-3.44
+3.47

Fernandez Arenas et al. (2018): 71.0 ± 3.5

Schombert, McGaugh, Lelli (2020): 75.1 ± 2.8
Kourkchi et al. (2020): 76.0 ± 2.6

Pesce et al. (2020): 73.9 ± 3.0

de Jaeger et al. (2020): 75.8-4.9
+5.2

de Jaeger et al. (2022): 75.4-3.7
+3.8

Cantiello et al. (2018): 71.9 ± 7.1
Khetan et al. (2020) w/ LMC DEB: 71.1 ± 4.1

Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 ± 2.5

Huang et al. (2019): 73.3 ± 4.0

Yuan et al. (2019): 72.4 ± 2.0
Reid, Pesce, Riess (2019), SH0ES: 71.1 ± 1.99

Freedman et al. (2020): 69.6 ± 1.9
Soltis, Casertano, Riess (2020): 72.1 ± 2.0
Kim, Kang, Lee, Jang (2021): 69.5 ± 4.2

Freedman (2021): 69.8 ± 1.7
Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 ± 1.8

Jones et al. (2022): 72.4 ± 3.3
Dhawan et al. (2022): 76.94 ± 6.4

Camarena, Marra (2019): 75.4 ± 1.7
Riess et al. (2019), R19: 74.03 ± 1.42

Breuval et al. (2020): 72.8 ± 2.7
Riess et al. (2020), R20: 73.2 ± 1.3

Camarena, Marra (2021): 74.30 ± 1.45
Riess et al. (2022), R22: 73.04 ± 1.04

Farren et al. (2021): 69.5-3.5
+3.0

Philcox et al. (2020), Pl (k)+CMB lensing: 70.6-5.0
+3.7

Baxter et al. (2020): 73.5 ± 5.3

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 ± 0.97
Ivanov et al. (2020), BOSS+BBN: 67.9 ± 1.1

Colas et al. (2020), BOSS DR12+BBN: 68.7 ± 1.5
D' Amico et al. (2020), BOSS DR12+BBN: 68.5 ± 2.2

Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.31-0.86
+0.83

Chen et al. (2021), P+BAO+BBN: 69.23±0.77
Zhang et al. (2021), BOSS correlation function+BAO+BBN: 68.19±0.99

Hinshaw et al. (2013), WMAP9: 70.0 ± 2.2
Henning et al. (2018), SPT: 71.3 ± 2.1

Zhang, Huang (2019), WMAP9+BAO: 68.36-0.52
+0.53

Aiola et al. (2020), WMAP9+ACT: 67.6 ± 1.1
Aiola et al. (2020), ACT: 67.9 ± 1.5
Dutcher et al. (2021), SPT: 68.8 ± 1.5

Ade et al. (2016), Planck 2015, H0 = 67.27 ± 0.66
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 ± 0.54

Aghanim et al. (2020), Planck 2018: 67.27 ± 0.60
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 ± 1.8

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 ± 0.5

Cosmic chronometers

GW relatedGW related

Lensing related,mass model dependent

HII galaxy
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Masers

SNII
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FIG. 2. 68% CL constraint on H0 from di↵erent cosmological probes (based on Refs. [49, 50]).

Planck ’18 [arXiv:1807.06209]

A. G. Riess et al. [arXiv:2112.04510]



To increase ,


Increase energy density at early times (early-time solutions)


Early Dark Energy


Dark Radiation  Massless states in Dark Sector 

H0

→

9

Cosmological Tensions
Hubble tension (~4-6 )σ

H0 ∼ Hrecθs
c/(ρlate/ρtoday)1/2

cs/(ρearly/ρrec)1/2



: amplitude of matter density fluctuations on the scale of 8 Mpc/h                                  
(~ galaxy cluster scale)


:


σ8

S8 ≡ σ8(Ωm/0.3)1/2
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Cosmological Tensions
 tension (~2-3 )S8 σ

Snowmass [arXiv:2203.06142]

Structure formation

35

G
A
D
G
ET2

S8

ea
rly

la
te

8 Mpc/h



Early Universe


CMB fit to 


~0.83


Late Universe

Local measurements


~0.76 

ΛCDM
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Cosmological Tensions
 tension (~2-3 )S8 σ

Snowmass [arXiv:2203.06142]

Planck ’18 [arXiv:1807.06209]

DES ‘21 [arXiv:2105.13544, 2105.13543]
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FIG. 4. Constraints on S8 and its corresponding 68% error (updated from Ref. [50]). We show the nominal reported values
by each study, which may di↵er in their definition of the constraints. The definition S8 = �8(⌦m/0.3)↵ with ↵ = 1/2 has been
uniformly used for all points. In those cases where ↵ 6= 1/2 has been used in some references, the value of S8 with ↵ = 1/2
was recalculated (along with the uncertainties) using the constraints on �8 and ⌦m shown in those references, assuming their
errors are Gaussian. This concerns only 5 CC points where the published value of ↵ was di↵erent from 1/2 and the di↵erence
from the published S8 (with di↵erent ↵) is very small. The rest of the points are taken directly from the published values.

By contrast, in some analyses, the statistics relevant to the full posterior distribution have been adopted, such as
the maximum a posteriori point or the best fitting values and their associated errors. These choices can impact the
estimated values of the parameters, in particular when the posterior distributions are significantly non-Gaussian or
when the parameter estimates are prior dominated (see e.g. Ref. [266]). For simplicity, we will use the nominal values
reported in each analysis, but caution the reader that the methodology used may di↵er from case to case (see Sec. III
for a more detailed discussion).



More likely systematic errors


Early universe solutions worsen  tension


with fixed  ,  


Early-time solutions keep in mind 

S8

zeq Ωr ↑ → Ωm ↑

S8
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 tension (~2-3 )S8 σ
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FIG. 4. Constraints on S8 and its corresponding 68% error (updated from Ref. [50]). We show the nominal reported values
by each study, which may di↵er in their definition of the constraints. The definition S8 = �8(⌦m/0.3)↵ with ↵ = 1/2 has been
uniformly used for all points. In those cases where ↵ 6= 1/2 has been used in some references, the value of S8 with ↵ = 1/2
was recalculated (along with the uncertainties) using the constraints on �8 and ⌦m shown in those references, assuming their
errors are Gaussian. This concerns only 5 CC points where the published value of ↵ was di↵erent from 1/2 and the di↵erence
from the published S8 (with di↵erent ↵) is very small. The rest of the points are taken directly from the published values.

By contrast, in some analyses, the statistics relevant to the full posterior distribution have been adopted, such as
the maximum a posteriori point or the best fitting values and their associated errors. These choices can impact the
estimated values of the parameters, in particular when the posterior distributions are significantly non-Gaussian or
when the parameter estimates are prior dominated (see e.g. Ref. [266]). For simplicity, we will use the nominal values
reported in each analysis, but caution the reader that the methodology used may di↵er from case to case (see Sec. III
for a more detailed discussion).

H. G. Escudero et al. [arXiv:2208.14435]
M. Tristram et al. [arXiv:2309.10034]
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A Class of Solutions to  tensionS8



Dark Radiation worsens  tension


with fixed  ,  


Solution: Dark Matter interaction with Dark Radiation 

S8

zeq Ωr ↑ → Ωm ↑
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Dark Matter interaction with DR
A Class of Solutions to  tensionS8

Dark Matter interacting with Dark Radiation: DR 

provides pressure on DM

● Weakly-coupled limit [MBA et al. 

1505.03542, Lesgourgues et al. 

1507.04351]

● Tightly-coupled limit: [Chacko et al. 

1609.03569, MBA et al. 1708.09406]

38

(N) A family of S8 solutions
S8



Standard CDM


Atomic DM: 


Dark Proton , Dark Electron 





Self-interacting Dark Radiation


Dark Photon , Dark Neutrino ,  gauge boson 

χ
p e

fCDM + fχ = 1

A ν U(1)ν Z
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Atomic DM + Dark  ν
A toy model
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In ADM

Radiative recombination to the ground state, and its inverse photoionization


Free photon falls into thermal bath quickly thanks to the self-interaction


Direct recombination to the ground state is included (Case A recombination)


ν

17

Atomic DM + Dark  ν
Recombination

p + e ↔ H(1s) + γ

aA =
∞

∑
n=1

n−1

∑
l=0

⟨σ[p + e → H(nl) + γ⟩

−
d
dt ( ne

n ) = αA [ n2
e

n
− (1 −

ne

n ) ( meT
2π )

3/2

e−B1/T]
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Atomic DM + Dark  ν
Recombination

Prevent too low S8
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Atomic DM + Dark  ν
Recombination

high-ℓ low-ℓ

Large redshift in high-  ℓ



H0 & S8 together?

47

Enhance early measurement of H0 & decrease early measurement of S8?

S8
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Self-interacting DR:  

, ,  

Increase early measurement of  

Less Silk Damping 

A ν Z

H0
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Atomic DM + Dark  ν
Solution to  and  tensions?H0 S8

Dark Acoustic Oscillation:  

-SIDR interaction 

Decrease early measurement of  

Prevent too low S8 

χ

S8

Recombination



Data: 

Baseline : Plank high  TTTEEE, Planck low  EE, Planck low  TT, Plank 
lensing, BAO eBOSS DR16, BAO small z, PANTHEON+


Hubble tension : SH0ES; EFTofLSS : EFTofBOSS, EFTofeBOSS (PyBird)


 tension : KiDS-1000x & DES-Y3 Combined


Model: 

, iDM-DR interaction coupling , 3  flavors


Free Parameters: , , 

𝒟 ℓ ℓ ℓ

ℋ ℱ

S8 𝒮

mp = 1 GeV αe = 10−2 ν

fχ ΔNeff me/mp

21

Markov Chain Monte Carlo (MCMC)
Results
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Markov Chain Monte Carlo (MCMC)
Results

Best fit

Model 𝝙Neff f𝝌 H0 S8

DH 0.74 3.3% 71.99 0.82

DHS 0.70 3.2% 72.01 0.81

DHFS 0.59 1.2% 71.73 0.81

Preliminary

Model D DH DHS DHFS

𝝙𝝌² -1.14 -29.4 -28.0 -24.5

𝝙AIC 4.86 -23.4 -22.0 -18.5
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Conclusions
Summary and Outlook

Non-trivial Dark Sector is highly motivated


Dark Acoustic Oscillation leave unique signatures on 
cosmological observables


Possible solutions to Hubble /  tensions in ΛCDM


ADM


Interaction within DS is all you need


Will be probed in the future experiments!

S8

ν
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Good ’s  
for Atomic Dark Matter

ν

Thank You for Listening!



Supplements



 in equilibrium with  (DR is self-interacting)


 -  not efficient (DM-DR stops after recombination)


A ν

e ν
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Atomic DM + Dark  ν
Requirements
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ΓA−ν ∼ ϵ2α2
gT > H ∼

T2

Mpl
⇒ ϵαg ≳

T
Mpl
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Γe−ν ∼ ϵ2αeαg
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Atomic DM + SIDR
Impact on the CMB

19
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Figure 15. The fractional change, relative to the correspond-
ing model without dark matter-dark radiation interactions,
in the Weyl potential evaluated at photon decoupling. The
parameters are the same as in Fig. 2.

In the strongly interacting model, the tightly cou-
pled fraction will also impart dark acoustic oscillations
of wavelength �DAO ⇠ 2⇡/[⌘idm,dec/

p
3] with an ampli-

tude that scales as �DR/�cdm,strong / zidm,dec/zeq (see for
example Appendix C of Ref. [63]).

We show the suppression of the matter power spec-
trum (solid curves) for several choices of log10(zt) along
with the approximate scalings in Fig. 14 (dotted curves).
There we can see that the logarithmic suppression in the
weak model, Eq. (D10), is a very good approximation
(left panel). As shown by the dotted vertical lines in the
right panel, the scale above which the strong model is
suppressed is well-approximated by kc ' ⇡/⌧idm,dec. The
horizontal dotted lines show that the level of the sup-
pression in the strong model is in good agreement with
Eq. (D11), but the blue curves (log10(zidm,dec) = 3.6)
show this degrades as zidm,dec approaches zrec . Finally,
we can see that for the strong model, the amplitude of
the DAO increases as zt increases.

2. Impact on the CMB

Both the weak and strong models imprint a signifi-
cant suppression to the gravitational potentials by pho-
ton decoupling, as shown in Fig. 15. In that figure,
we have related the wavenumber, k, to its correspond-
ing multipole, `, at the surface of last scattering through
` ' k(⌘0�⌘dec), where ⌘0 and ⌘dec are the conformal time
today and at photon decoupling, respectively. Since the
dynamics of the interacting dark matter is imprinted on
the CMB through gravitational e↵ects, it would appear
as though both models will produce CMB power spectra
which deviate from ⇤CDM by roughly the same amount
at ` ⇠ 2000. However, as we now discuss, the time evo-
lution of the gravitational potentials plays a central role
and allows us to distinguish between the impact of the
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Figure 16. The di↵erence between the driving and potential
terms for the weak and strong models for log10(zt) = 4.5,
NDR = 0.5, �0 = 5.8 ⇥ 10�7 Mpc�1 for the weak model,
and fidm = 0.03 for the strong model. On the top x-axis we
have indicated the approximate multipole, `, through ` ' k⌘0,
where ⌘0 is the conformal time today.

weak and strong models.
Under the tight coupling approximation, the photon

fluid equations can be written as a damped, driven, har-
monic oscillator with the Weyl potential  ⌘ (�+  )/2,
playing the role of a driving force. From this, we can
write the Sachs-Wolfe contribution to the temperature
anisotropies as
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where ⇣(~k) is the primordial curvature perturbation, the
exponential factor takes into account the damping ef-
fects of photon di↵usion which occurs over a length scale
⇠ 1/kD, and we have approximated the sound horizon
as rs(⌘) ' ⌘/

p
3. From this, we can see that the Sachs-

Wolfe contribution to the temperature anisotropies con-
sists of four terms: a term giving us free oscillations (note
that for adiabatic initial conditions, we have used the fact
that 1

4
��(k, 0) + �(k, 0) = �1 [60]), an integrated term

due to the driving e↵ects of the Weyl potential, a term
due to the potential �, and finally the gravitational red-
shift due to  . We will use an instantaneous decoupling
approximation so the above equation will be evaluated
at ⌘ = ⌘rec .

( ΔT(k, η)
TCMB )SW

≃ ζ(k)[e−k2/k2
D {−cos ( kη

3 ) −
2k

3 ∫
η

0
dη′￼Ψ(k, η′￼)sin ( k[η − η′￼]

3 ) + ϕ(k, η)} + ψ(k, η)]

Ψ = (ϕ + ψ)/2
rs(η) ≃ η/ 3
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Figure 17. The approximate fractional di↵erence [Eq. (D13)] between the temperature power spectrum (only SW e↵ect) for
both the weak (left) and strong (right) models using the same model parameters as in Fig. 14. The full di↵erence (black) is
the sum of the driving (blue) and potential (red) contributions. A comparison between the di↵erences here and Fig. 2 shows
that Eq. (D13) is a good approximation to the full calculation.

strongly interacting model weakly interacting model

Parameter D DH DS DHS D DH DS DHS

H0[km/s/Mpc] 68.49 71.50 67.94 71.90 68.09 71.70 68.24 71.80

S8 0.825 0.832 0.784 0.798 0.794 0.824 0.776 0.781

109
As 3.053 3.049 3.046 3.031 3.038 3.051 3.038 3.053

ns 0.9721 0.9829 0.9716 0.9715 0.9708 0.9820 0.9733 0.9892

⌦m 0.3103 0.2993 0.3089 0.2911 0.3067 0.2979 0.3055 0.2984

⌧reio 0.0573 0.0548 0.0555 0.0554 0.0520 0.0570 0.0519 0.0565

NDR 0.13 0.64 0.01 0.74 0.01 0.64 0.02 0.64

�0 [10�6/Mpc] – – – – 1.03 0.07 1.17 0.63

fidm 0.01 4 ⇥ 10�5 0.08 4 ⇥ 10�4 – – – –

Table IV. Best-fit values for the di↵erent parameters for the weak and the strong model, given the baseline data set D and
either the H0 prior (H) or S8 prior (S).
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In the strongly interacting model, the tightly cou-
pled fraction will also impart dark acoustic oscillations
of wavelength �DAO ⇠ 2⇡/[⌘idm,dec/

p
3] with an ampli-

tude that scales as �DR/�cdm,strong / zidm,dec/zeq (see for
example Appendix C of Ref. [63]).

We show the suppression of the matter power spec-
trum (solid curves) for several choices of log10(zt) along
with the approximate scalings in Fig. 14 (dotted curves).
There we can see that the logarithmic suppression in the
weak model, Eq. (D10), is a very good approximation
(left panel). As shown by the dotted vertical lines in the
right panel, the scale above which the strong model is
suppressed is well-approximated by kc ' ⇡/⌧idm,dec. The
horizontal dotted lines show that the level of the sup-
pression in the strong model is in good agreement with
Eq. (D11), but the blue curves (log10(zidm,dec) = 3.6)
show this degrades as zidm,dec approaches zrec . Finally,
we can see that for the strong model, the amplitude of
the DAO increases as zt increases.

2. Impact on the CMB

Both the weak and strong models imprint a signifi-
cant suppression to the gravitational potentials by pho-
ton decoupling, as shown in Fig. 15. In that figure,
we have related the wavenumber, k, to its correspond-
ing multipole, `, at the surface of last scattering through
` ' k(⌘0�⌘dec), where ⌘0 and ⌘dec are the conformal time
today and at photon decoupling, respectively. Since the
dynamics of the interacting dark matter is imprinted on
the CMB through gravitational e↵ects, it would appear
as though both models will produce CMB power spectra
which deviate from ⇤CDM by roughly the same amount
at ` ⇠ 2000. However, as we now discuss, the time evo-
lution of the gravitational potentials plays a central role
and allows us to distinguish between the impact of the
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Figure 16. The di↵erence between the driving and potential
terms for the weak and strong models for log10(zt) = 4.5,
NDR = 0.5, �0 = 5.8 ⇥ 10�7 Mpc�1 for the weak model,
and fidm = 0.03 for the strong model. On the top x-axis we
have indicated the approximate multipole, `, through ` ' k⌘0,
where ⌘0 is the conformal time today.

weak and strong models.
Under the tight coupling approximation, the photon

fluid equations can be written as a damped, driven, har-
monic oscillator with the Weyl potential  ⌘ (�+  )/2,
playing the role of a driving force. From this, we can
write the Sachs-Wolfe contribution to the temperature
anisotropies as
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where ⇣(~k) is the primordial curvature perturbation, the
exponential factor takes into account the damping ef-
fects of photon di↵usion which occurs over a length scale
⇠ 1/kD, and we have approximated the sound horizon
as rs(⌘) ' ⌘/

p
3. From this, we can see that the Sachs-

Wolfe contribution to the temperature anisotropies con-
sists of four terms: a term giving us free oscillations (note
that for adiabatic initial conditions, we have used the fact
that 1

4
��(k, 0) + �(k, 0) = �1 [60]), an integrated term

due to the driving e↵ects of the Weyl potential, a term
due to the potential �, and finally the gravitational red-
shift due to  . We will use an instantaneous decoupling
approximation so the above equation will be evaluated
at ⌘ = ⌘rec .
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