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The CMB brightness is 2-dimensional function: frequency and direction

T (⌫, n̂) = T0 +�Tspec(⌫) +�Tanis(n̂) + �T (⌫, n̂)
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Distortions tell us about thermal history

timez ≈ 2×106 
t  ≈ 2 months 

full thermalization

unobservable

blackbody with 
different T 

Effect of heat injection as a function of time:

distortion with amplitude ~ΔEinj/E

See e.g.  Hu & Silk 1993, Chluba & Sunyaev 2012

distortion shape indicates injection time

z ≈ 5×104 
t  ≈ 300 yrs

μ-era y-era

inefficient 
thermalization

partial
thermalization



Transfer function (mostly photon monopole + dipole for temperature, quadrupole 
for polarization): result of linear evolution of photon + neutrino + baryon + DM. 

Anisotropies tell us about initial conditions + 
dynamics of perturbations + ionization history
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Visibility function: probability of last Thomson scattering between z and z + dz.
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Box 1: The visibility function and Silk damping

Changes in the recombination history xe(z) a↵ect the CMB anisotropy in two ways: through the visibility

function and Silk damping. We only give a brief explanation of these concepts here, and refer the interested

reader to standard cosmology textbooks for a more complete treatment, for example Ref. [63].

• The visibility function

The optical depth for Thomson scattering (cross-section �T) between the time t and today (time t0) is

⌧ =

Z t0

t
ne(t

0
)c�Tdt

0
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0
)c�T

H(z0)

dz
0

1 + z0
. (2.1)

The probability for a photon to be scattered while traveling through an infinitesimal optical depth d⌧ is just d⌧ .

And the probability of survival (i.e., non-scattering) of a photon while traveling through a finite optical depth

⌧ is e
�⌧

. Therefore, the probability that a photon was last scattered in the interval [⌧, ⌧ + d⌧ ] is e
�⌧

d⌧ . The

visibility function is the probability distribution for last scattering of photons in redshift domain:

g(z) ⌘ e
�⌧(z) d⌧

dz
=

ne(z)c�T

(1 + z)H(z)
e
�⌧(z)

. (2.2)

We plot the visibility function in the left panel below. It peaks at z ⇡ 1080 and has a long low-redshift

“tail”, which is also important for high-precision CMB measurements. As an example, a correct MLA treatment

(Chapter 3) lowers g(z) at low-z in comparison to Peebles’ model (Section 2.2.1). This leads to an enhanced

predicted CMB anisotropy as photons are less rescattered at low redshifts.

• Silk damping

Prior to their last scattering at redshift zrec ⇡ 1080, photons go through a random walk as they scatter o↵

free electrons. At redshift z > zrec, their mean free path is (in physical length)

Lmfp(z) ⇡
1

ne(z)�T

. (2.3)

The variance of the comoving length travelled prior to last scattering is then
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Any perturbation with wavelength � ⇠< �D is therefore damped (photons from hot spots and cool spots can

e�ciently mix before last scattering). For the standard cosmology, we find �D ⇠ 20 Mpc with the simple

estimate (2.4). A more accurate treatment would give a ⇠ 3 times larger length, which subtends an angle of

⇠ 10
0
. We can see on the plot below (right panel; adapted from Fig. 2.8 of Ref. [19]) that anisotropies are

indeed exponentially damped for multipole moments ` ⇠> `D ⇠ 1000.
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FIG 2.8.—The left panel shows a realisation of the CMB power spectrum of the concordance ⇤CDM model (red
line) after 4 years of WMAP observations. The right panel shows the same realisation observed with the sensitivity
and angular resolution of Planck.

since the fluctuations could not, according to this naive argument, have been in causal contact
at the time of recombination.

Inflation o↵ers a solution to this apparent paradox. The usual Friedman equation for the
evolution of the cosmological scale factor a(t) is

H
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ȧ

a

◆
2

=
8⇡G

3
⇢ � k

a2
, (2.5)

where dots denote di↵erentiation with respect to time and the constant k is positive for a closed
universe, negative for an open universe and zero for a flat universe. Local energy conservation
requires that the mean density ⇢ and pressure p satisfy the equation

⇢̇ = �3
✓

ȧ

a

◆
(⇢ + p). (2.6)

Evidently, if the early Universe went through a period in which the equation of state satisfied
p = �⇢, then according to Equation 2.6 ⇢̇ = 0, and Equation 2.5 has the (attractor) solution

a(t) / exp(Ht), H � constant. (2.7)

In other words, the Universe will expand nearly exponentially. This phase of rapid expansion
is known as inflation. During inflation, neighbouring points will expand at superluminal speeds
and regions which were once in causal contact can be inflated in scale by many orders of
magnitude. In fact, a region as small as the Planck scale, LPl ⇠ 10�35 m, could be inflated
to an enormous size of 1010

12

m—many orders of magnitude larger than our present observable
Universe (⇠ 1026 m)!

As pointed out forcefully by Guth (1981), an early period of inflation o↵ers solutions to
many fundamental problems. In particular, inflation can explain why our Universe is so nearly
spatially flat without recourse to fine-tuning, since after many e-foldings of inflation the cur-
vature term (k/a

2) in Equation 2.5 will be negligible. Furthermore, the fact that our entire
observable Universe might have arisen from a single causal patch o↵ers an explanation of the
so-called horizon problem (e.g., why is the temperature of the CMB on opposite sides of the
sky so accurately the same if these regions were never in causal contact?). But perhaps more
importantly, inflation also o↵ers an explanation for the origin of fluctuations.
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0-th order measurement: total abundance of 
cold, collisionless dark matter 

⌦ch
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A&A 594, A13 (2016)

Table 1. Parameters of the base ⇤CDM cosmology (as defined in PCP13) determined from the publicly released nominal-mission CamSpec
DetSet likelihood [2013N(DS)] and the 2013 full-mission CamSpec DetSet and cross-yearly (Y1⇥Y2) likelihoods with the extended sky coverage
[2013F(DS) and 2013F(CY)].

[1] Parameter [2] 2013N(DS) [3] 2013F(DS) [4] 2013F(CY) [5] 2015F(CHM) [6] 2015F(CHM) (Plik) ([2]–[6])/�[6] ([5]–[6])/�[5]

100✓MC . . . . . . . . . 1.04131 ± 0.00063 1.04126 ± 0.00047 1.04121 ± 0.00048 1.04094 ± 0.00048 1.04086 ± 0.00048 0.71 0.17
⌦bh2 . . . . . . . . . . . 0.02205 ± 0.00028 0.02234 ± 0.00023 0.02230 ± 0.00023 0.02225 ± 0.00023 0.02222 ± 0.00023 �0.61 0.13
⌦ch2 . . . . . . . . . . . 0.1199 ± 0.0027 0.1189 ± 0.0022 0.1188 ± 0.0022 0.1194 ± 0.0022 0.1199 ± 0.0022 0.00 �0.23
H0 . . . . . . . . . . . . 67.3 ± 1.2 67.8 ± 1.0 67.8 ± 1.0 67.48 ± 0.98 67.26 ± 0.98 0.03 0.22
ns . . . . . . . . . . . . 0.9603 ± 0.0073 0.9665 ± 0.0062 0.9655 ± 0.0062 0.9682 ± 0.0062 0.9652 ± 0.0062 �0.67 0.48
⌦m . . . . . . . . . . . . 0.315 ± 0.017 0.308 ± 0.013 0.308 ± 0.013 0.313 ± 0.013 0.316 ± 0.014 �0.06 �0.23
�8 . . . . . . . . . . . . 0.829 ± 0.012 0.831 ± 0.011 0.828 ± 0.012 0.829 ± 0.015 0.830 ± 0.015 �0.08 �0.07
⌧ . . . . . . . . . . . . . 0.089 ± 0.013 0.096 ± 0.013 0.094 ± 0.013 0.079 ± 0.019 0.078 ± 0.019 0.85 0.05
109Ase�2⌧ . . . . . . . . 1.836 ± 0.013 1.833 ± 0.011 1.831 ± 0.011 1.875 ± 0.014 1.881 ± 0.014 �3.46 �0.42

Notes. These three likelihoods are combined with the WMAP polarization likelihood to constrain ⌧. The column labelled 2015F(CHM) lists
parameters for a CamSpec cross-half-mission likelihood constructed from the 2015 maps using similar sky coverage to the 2013F(CY) likelihood
(but greater sky coverage at 217 GHz and di↵erent point source masks, as discussed in the text). The column labelled 2015F(CHM) (Plik) lists
parameters for the Plik cross-half-mission likelihood that uses identical sky coverage to the CamSpec likelihood. The 2015 temperature likelihoods
are combined with the Planck lowP likelihood to constrain ⌧. The last two columns list the deviations of the Plik parameters from those of the
nominal-mission and the CamSpec 2015(CHM) likelihoods. To help refer to specific columns, we have numbered the first six explicitly. The high-`
likelihoods used here include only TT spectra. H0 is given in the usual units of km s�1 Mpc�1.

of approximately 2.0% and 1.7%, respectively. In addi-
tion, the mapmaking used for 2015 data processing utilizes
“polarization destriping” for the polarized HFI detectors
(Planck Collaboration VIII 2016).

(2) The 2013 papers used WMAP polarization measurements
(Bennett et al. 2013) at multipoles `  23 to constrain the
optical depth parameter ⌧; this likelihood was denoted “WP”
in the 2013 papers. In the 2015 analysis, the WMAP polar-
ization likelihood is replaced by a Planck polarization likeli-
hood constructed from low-resolution maps of Q and U po-
larization measured by LFI at 70 GHz, foreground cleaned
using the LFI 30-GHz and HFI 353-GHz maps as polarized
synchrotron and dust templates, respectively, as described
in Planck Collaboration XI (2016). After a comprehensive
analysis of survey-to-survey null tests, we found possible
low-level residual systematics in Surveys 2 and 4, likely re-
lated to the unfavourable alignment of the CMB dipole in
those two surveys (for details see Planck Collaboration II
2016). We therefore conservatively use only six of the
eight LFI 70-GHz full-sky surveys, excluding Surveys 2 and
4, The foreground-cleaned LFI 70-GHz polarization maps
are used over 46% of the sky, together with the temper-
ature map from the Commander component-separation al-
gorithm over 94% of the sky (see Planck Collaboration IX
2016, for further details), to form a low-` Planck tempera-
ture+polarization pixel-based likelihood that extends up to
multipole ` = 29. Use of the polarization information in
this likelihood is denoted as “lowP” in this paper The op-
tical depth inferred from the lowP likelihood combined with
the Planck TT likelihood is typically ⌧ ⇡ 0.07, and is about
1� lower than the typical values of ⌧ ⇡ 0.09 inferred from
the WMAP polarization likelihood (see Sect. 3.4) used in the
2013 papers. As discussed in Sect. 3.4 (and in more detail in
Planck Collaboration XI 2016) the LFI 70-GHz and WMAP
polarization maps are consistent when both are cleaned with
the HFI 353-GHz polarization maps7.

7 Throughout this paper, we adopt the following labels for likelihoods:
(i) Planck TT denotes the combination of the TT likelihood at multi-
poles ` � 30 and a low-` temperature-only likelihood based on the CMB
map recovered with Commander; (ii) Planck TT+lowP further includes
the Planck polarization data in the low-` likelihood, as described in the
main text; (iii) labels such as Planck TE+lowP denote the T E likelihood
at ` � 30 plus the polarization-only component of the map-based low-`

(3) In the 2013 papers, the Planck temperature likelihood was a
hybrid: over the multipole range `=2�49, the likelihood was
based on the Commander algorithm applied to 87% of the sky
computed using a Blackwell-Rao estimator for the likelihood
at higher multipoles (`=50–2500) was constructed from
cross-spectra over the frequency range 100�217 GHz us-
ing the CamSpec software (Planck Collaboration XV 2014),
which is based on the methodology developed in Efstathiou
(2004, 2006). At each of the Planck HFI frequencies, the
sky is observed by a number of detectors. For example, at
217 GHz the sky is observed by four unpolarized spider-web
bolometers (SWBs) and eight polarization sensitive bolome-
ters (PSBs). The TOD from the 12 bolometers can be com-
bined to produce a single map at 217 GHz for any given pe-
riod of time. Thus, we can produce 217-GHz maps for in-
dividual sky surveys (denoted S1, S2, S3, etc.), or by year
(Y1, Y2), or split by half-mission (HM1, HM2). We can also
produce a temperature map from each SWB and a temper-
ature and polarization map from quadruplets of PSBs. For
example, at 217 GHz we produce four temperature and two
temperature+polarization maps. We refer to these maps as
detectors-set maps (or “DetSets” for short); note that the Det-
Set maps can also be produced for any arbitrary time pe-
riod. The high multipole likelihood used in the 2013 papers
was computed by cross-correlating HFI DetSet maps for the
“nominal” Planck mission extending over 15.5 months8. For
the 2015 papers we use the full-mission Planck data, extend-
ing over 29 months for the HFI and 48 months for the LFI. In
the Planck 2015 analysis, we have produced cross-year and
cross-half-mission likelihoods in addition to a DetSet like-
lihood. The baseline 2015 Planck temperature-polarization
likelihood is also a hybrid, matching the high-multipole like-
lihood at ` = 30 to the Planck pixel-based likelihood at lower
multipoles.

(4) The sky coverage used in the 2013 CamSpec likelihood was
intentionally conservative, retaining e↵ectively 49% of the

Planck likelihood; and (iv) Planck TT,TE,EE+lowP denotes the combi-
nation of the likelihood at ` � 30 using TT , T E, and EE spectra and the
low-` temperature+polarization likelihood. We make occasional use of
combinations of the polarization likelihoods at ` � 30 and the temper-
ature+polarization data at low-`, which we denote with labels such as
Planck TE+lowT,P.
8 Although we analysed a Planck full-mission temperature likelihood
extensively, prior to the release of the 2013 papers.
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[Planck collaboration 2015]

Wayne Hu’s tuturial

What can the CMB tell us about the nature of DM?



Testing the vanilla WIMP with the CMB

``WIMP miracle”: DM abundance results from annihilation cross section 

Step 0: DM annihilations inject energy with volumetric rate

⇢̇inj =
1
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that the injected energy is inversely proportional to the
particle mass; more massive particles inject less energy
into the IGM.

B. DM annihilation channels

As discussed previously, recent cosmic-ray anomalies
have motivated models of WIMP annihilation to leptons

with a large cross section. We compute fðzÞ for a WIMP
annihilating to lepton pairs and charged pions, both di-
rectly and via a new GeV-scale state (annihilation channels
of the latter type are denoted ‘‘XDM’’). As a benchmark,
the mass of the new light state is taken to be 1 GeV for
electron, muon and pion final states, and 4 GeV for taus:
however, because of the large mass hierarchy between the
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FIG. 4 (color online). The ‘‘deposited power fraction’’ fðzÞ is the ratio of the power deposited in the gas (in the form of ionizations,
excitations, and heating) to the mass energy liberated by WIMP annihilations. For electron channels, fðzÞ # 1 at high z, but other
channels lose some fraction of their power to neutrinos and (anti)protons. Upper left panel: direct annihilation to SM leptons. Upper
right panel: direct annihilation to nonleptonic SM states (‘‘light quarks’’ corresponds to 50% annihilation to u quarks, 50% to d
quarks). Lower left panel: XDM-type models with annihilation through an intermediate 1 GeV state to electrons and muons. Lower
right panel: XDM-type models with annihilation through an intermediate 1 GeV state to charged pions, and through an intermediate
4 GeV state to taus. The legend indicates the annihilation channel and the WIMP mass. The kink around z ¼ 1700 is an artifact of an
approximation made in RECFAST and has no impact on our results.

CMB CONSTRAINTS ON WIMP ANNIHILATION: ENERGY . . . PHYSICAL REVIEW D 80, 043526 (2009)

043526-7

f(z) from Slatyer, Padmanabhan & Finkbeiner 09 for different models

Step 1: compute energy deposited into the plasma

⇢̇dep(z) = f(z) ⇢̇inj

Depends on the nature and spectrum of particles produced in annihilation, 
e.g. if the DM annihilates entirely to neutrinos, f = 0



Step 2: channel of energy deposition: heat / ionizations / excitations

Simple estimate of Chen & Kamionkowski 04 (based on numerical studies of 
Shull & Van Steenberg 85): 

1 + 2xe

3
,
1� xe

3
,
1� xe

3

�
fraction in heat, ionization, excitation ~

employed, the dependence on the base prescription will
cancel out between the corrected fðzÞ curve and the choice
of the χbasec ðzÞ factors in the original analysis.
In Fig. 11 we plot the fion;baseðzÞ curves for the SSCK

and 3 keV choices of base prescription, again for an
annihilation-like history: these curves constitute our best
estimate of the appropriately corrected deposition-effi-
ciency curves for the purposes of computing CMB con-
straints on DM annihilation. We also display the fsimðzÞ
curves obtained as described in Eq. (13). In Fig. 12 we plot
the approximate correction factor χcorrðzÞ, which should be
interpreted as the fraction of deposited energy proceeding

into previously unaccounted-for continuum photons, for
the energy injection history corresponding to conventional
DM annihilation.
From Fig. 12 we see that the correction to fðzÞ due to

continuum losses is largest at injection energies around 1–
100MeV (depending on redshift) for photons, and at slightly
lower energies (∼1–10 MeV) for eþe− pairs. This is con-
sistent with the discussion of Fig. 3; the correction is smaller
than one might expect for nonrelativistic eþe− pairs (with
injection kinetic energieswell below 1MeV) becausemost of
the injected energy is bound up in their mass, and thus the
deposition of the kinetic energy is almost irrelevant. Such
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FIG. 10. Power absorbed into the competing channels from particles injected by DM annihilation, or a similar process, as a function of
injection energy and redshift of absorption, normalized to the total injected power at the same redshift. We show results for eþe− pairs
with initial energy (for each member of the pair) ∼50 MeV (left panel) and ∼80 GeV (right panel).

FIG. 11. Corrected fðzÞ curve for particles injected by DM annihilation, as a function of injection energy and redshift of absorption. In
the left panel we use the 3 keV baseline ionization fractions [so these fðzÞ curves should be used with analyses that employed the same
prescription]; in the center panel we use the SSCK baseline. In the right panel we correct for the continuum losses using the results of
Fig. 12, and thus derive an alternate channel-independent fsimðzÞ curve. The upper row describes eþe− pairs (the x-axis “energy” label
here indicates the kinetic energy of a single member of the pair at injection), the lower row describes photons.

INDIRECT DARK MATTER …. II. IONIZATION, … PHYSICAL REVIEW D 93, 023521 (2016)

023521-15

Slatyer 16, for e- e+ pairs

In practice, depends on detailed injection spectrum



Step 3: effect on CMB observables

•spectral distortions: �I⌫
IBB
⌫

⇠
Z

dt fheat
⇢̇dep
⇢�

typically much less sensitive to DM annihilation than anisotorpies

•recombination history: ẋdirect

e = ẋstd

e + fion
⇢̇dep

nH ⇥ 13.6 eV

ẋ2 = ẋstd

2
+ fexc

⇢̇dep
nH ⇥ 10.2 eV

Ṫgas = Ṫ std
gas +

2

3ngas
fheat ⇢̇dep

Requires highly accurate standard recombination theory  
[YAH & Hirata 10, 11, Chluba ++ 11]
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Recfast: Hswitch=1

Recfast: Hswitch=0

Hyrec: Recfast

Hyrec: Full

Figure 2. Free electron fraction and matter temperature as a function of the redshift with, from
bottom to top, pann = 0, 10�6

, 5· 10�6 or 10�5 m3s�1kg�1. For each value of pann, we used either
recfast or hyrec, and two di↵erent options for each of the two codes; the four results agree to
better than a few percent, and the di↵erence would be indistinguishable on the plots.

for recfast, with or without taking into account the hydrogen physics e↵ects described
in [35] (using the switch Hswitch), and for hyrec, using the mode RECFAST (mimicking
a simplified version of recfast) and FULL (including a state-of-the art description of an
e↵ective multi-level hydrogen atom as well as radiative transfer near the Lyman lines). The
FULL mode uses interpolation tables requiring TM < Tr. This is the case at all times provided
that the annihilation parameter does not exceed pann  3· 10�6 m3s�1kg�1. In order to test
hyrec/FULL above this value, we removed the condition TM < Tr from the code, letting
it extrapolate from the table. For all used values of pann, TM never exceeds Tr by a large
fraction and the extrapolation is therefore accurate.

In the results presented in figure 2, we assumed a ⇤CDM model without reionization.
The first two small steps seen on the electron fraction curve correspond to the two helium
recombinations, and bring the ratio xe = ne/nH down to one. The third and biggest step
accounts for hydrogen recombination. As expected, the energy injected by DM annihilation
inhibits recombination, and the free electron fraction freezes out at a larger value. Moreover,
the matter temperature decreases more slowly after photon decoupling due to energy injection
in the gas resulting from DM annihilation.

For each value of pann, the di↵erence between the four algorithms is extremely smalll.4

We checked that the shifts induced in the CMB power spectra are well below the sensitivity
level of current CMB data sets, and lead to the same observational bounds on pann. This
means that the four approaches can be used indi↵erently in the rest of this analysis. Whenever
we could, we sticked to recfast with Hswitch on, in order to speed up the computation.
We will mention below that for some models, we had to use instead hyrec with the RECFAST
or FULL mode, found to be the more stable numerically. In these cases, the increase in
computing time in the full parameter extraction process was less than a factor of two.

4
It would be even smaller using the fudge factor values of version 1.5.2 of recfast, that was released after

the submission of this work.

– 8 –

Giesen, Lesgourgues, Audren & YAH 12,  
computed with HyRec [YAH & Hirata, 2010, 2011]
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Finkbeiner ++12, Green, Meerburg & Meyers 18
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Figure 3. Temperature and polarization power spectra for several models with DM annihilation or
reionization, rescaled by a reference model with none of them. The curves with oscillatory patterns
correspond to di↵erent values of pann (expressed in the key in m3s�1kg�1) and no reionization. The
last curve was obtained with pann = 0 and with reionization at zreio = 11.

3.2 E↵ects on the CMB power spectrum

We could expect the e↵ect of DM annihilation to be degenerate with that of reionization, since
both mechanisms increase the ionization fraction after photon decoupling, and therefore the
optical depth to last scattering ⌧(zdec). Indeed, a high ionization fraction at z < zdec implies
that more photons interact along the line of sight, which tends to damp temperature and
polarization anisotropies on sub-Hubble scale, and to regenerate extra polarization around
the Hubble scale at the time of re-scattering.

In figure 3, we compare the e↵ect of varying pann with that of changing the redshift of
reionization, under the usual simplifying assumption of a single reionization step, such that
xe(z) follows a hyperbolic tangent centered on zreio. The two e↵ects turn out to be rather
di↵erent for reasons that are easy to understand.

First, the annihilation e↵ect is already present around z = zdec, and results in a small
delay in the decoupling time (defined as the maximum of the visibility function �⌧

0
e
�⌧ ).

Hence, the sound horizon at decoupling has the time to grow, while the di↵usion damping
scale has su�cient time to reach larger scales. The increased sound horizon results in peaks
visible under larger angles or smaller l’s: this shifting of the peak explains the oscillatory
patterns clearly visible in figure 3. The increased di↵usion damping scale enhances Silk
damping at large l

0
s, leading to the negative high-l slope in figure 3.

Second, DM annihilation increases the ionization fraction and the optical depth at
all redshifts in the range 0 < z < zdec. This means that some power is removed from the
temperature and polarization spectrum on all scales, with a maximum suppression for l > 200,
corresponding to modes being always inside the Hubble radius in the range 0 < z < zdec. In
the temperature spectrum, multipoles with l < 200 are less and less a↵ected when l decreases.

– 9 –

Giesen, Lesgourgues, Audren & YAH 12,  
computed with HyRec + CLASS [Lesgourgues 2011]



more detailed PCA, based on a larger range of possible
injection histories, for future work.
One can integrate any electron and photon spectra

produced by DM annihilation over the feff curves presented
in Fig. 3, in order to determine feff for an arbitrary model.
We show results separately for the 3 keV and SSCK
baseline prescriptions; however, when making comparisons
with the Planck constraints [8], the 3 keV baseline
prescription should always be used. We also show the

effect of taking our second simplified procedure for
computing fcorrðzÞ, and the effect of evaluating
fcorrð600Þ rather than using the weighting function; both
effects are rather small, at the < 10% level.
The feff curves (Fig. 3) exhibit significant structure as a

function of energy. At high energies, both eþe− pairs and
photons asymptote to feff ≈ 0.4; this convergent behavior is
expected, since at high energies electrons and photons both
participate in a pair production/inverse Compton scattering
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FIG. 2. Weighting functions for the fðzÞ curves, derived by PCA. Solid lines show the results for a CVL experiment covering
l ¼ 2–2500, dashed lines show the results for a CVL experiment covering l ¼ 2–6000, dotted lines show the result for a Planck-like
experiment covering l ¼ 2–2500. Black lines use the first procedure for estimating ionization history, red lines use the second procedure
with 3 keV baseline prescription, blue lines use the second procedure with SSCK baseline prescription. Left panel: suitable for 3 keV
baseline. Center panel: suitable for SSCK baseline. Right panel: “universal” weighting function recommended for general use.
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FIG. 3. feff coefficients as a function of energy for eþe− (left column) and photons (right column); appropriate for analyses with
baseline prescription 3 keV (top row) or SSCK (bottom row). The widths of the red and green bands indicate the impact of scanning over
all the derived weighting functions (see Fig. 2). Red stars are derived from the fSSCKðzÞ or f3keVðzÞ curves as appropriate (labeled
“direct ionization calculation” in the legend), green stars from the fsimðzÞ curves (labeled “simple photon-loss rescaling” in the legend).
Diamonds indicate feff evaluated as fð600Þ, rather than using a weighting function.
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weighing function f(z) derived by PCA [Slatyer 2016]

Anisotropies are mostly sensitive to DM annihilation around z~400-800

Same general picture holds to test any DM model injecting 
energy into the photon-baryon plasma (e.g. decaying DM): 

energy injection -> energy deposition -> heat + ionizations
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We have only measured the primordial 
curvature perturbation on 2-3 decades 

PBHs can probe primordial 
power on very small scales

CMB constraints on primordial black holes



Same idea: energy injection -> energy deposition -> heat + ionizations
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Planck Collaboration: Planck 2015 results. XIII.
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Fig. 41. Constraints on the self-annihilation cross-section at recombina-
tion, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. (81)). The blue area
shows the parameter space excluded by the Planck TT,T E, EE+lowP
data at 95% CL. The yellow line indicates the constraint using WMAP9
data. The dashed green line delineates the region ultimately accessible
to a cosmic-variance-limited experiment with angular resolution com-
parable to that of Planck. The horizontal red band includes the values
of the thermal-relic cross-section multiplied by the appropriate fe↵ for
di↵erent DM annihilation channels. The dark grey circles show the best-
fit DM models for the PAMELA/AMS-02/Fermi cosmic-ray excesses,
as calculated in Cholis & Hooper (2013, caption of their figure 6). The
light grey stars show the best-fit DM models for the Fermi Galactic cen-
tre �-ray excess, as calculated by Calore et al. (2015, their tables I, II,
and III), with the light grey area indicating the astrophysical uncertain-
ties on the best-fit cross-sections.

temperature and polarization. As a result, the e↵ects of DM
annihilation on the power spectra at high multipole are degen-
erate with other parameters of base ⇤CDM, such as ns and
As (Chen & Kamionkowski 2004; Padmanabhan & Finkbeiner
2005). At large angular scales (` . 200), however, dark matter
annihilation can produce an enhancement in polarization, caused
by the increased ionization fraction in the freeze-out tail follow-
ing recombination. As a result, large-angle polarization informa-
tion is crucial for breaking the degeneracies between parameters,
as illustrated in Fig. 40. The strongest constraints on pann there-
fore come from the full Planck temperature and polarization
likelihood and there is little improvement if other astrophysical
data, or Planck lensing, are added35.

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other parameter extensions of base
⇤CDM (Ne↵ , dns/dln k, or YP) to vary together with pann. We
found that the constraint is weakened by up to 20%. Further-
more, we have verified that we obtain consistent results when
relaxing the priors on the amplitudes of the Galactic dust tem-
plates or if we use the CamSpec likelihood instead of the baseline
Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic-variance-limited
experiment with similar angular resolution to Planck36. The

35 It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009a), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.
36 We assumed here that the cosmic-variance-limited experiment would
measure the angular power spectra up to a maximum multipole of `max =
2500, observing a sky fraction fsky = 0.65.

horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. For example, the upper red line corre-
sponds to fe↵ = 0.67, which is appropriate for a DM particle
of mass m� = 10 GeV annihilating into e+e�, while the lower
red line corresponds to fe↵ = 0.13, for a DM particle annihi-
lating into 2⇡+⇡� through an intermediate mediator (see, e.g.,
Arkani-Hamed et al. 2009). The Planck data exclude at 95%
confidence level a thermal relic cross-section for DM parti-
cles of mass m� <⇠ 44 Gev annihilating into e+e� ( fe↵ ⇡ 0.6),
m� <⇠ 16 GeV annihilating into µ+µ� or bb̄ ( fe↵ ⇡ 0.2), and
m� <⇠ 11 GeV annihilating into ⌧+⌧� ( fe↵ ⇡ 0.15).

The dark grey shaded area in Fig. 41 shows the approx-
imate allowed region of parameter space, as calculated by
Cholis & Hooper (2013) on the assumption that the PAMELA,
AMS, and Fermi cosmic-ray excesses are caused by DM annihi-
lation; the dark grey dots indicate the best-fit dark matter models
described in that paper (for a recent discussion on best-fitting
models, see also Boudaud et al. 2015). The favoured value of
the cross-section is about two orders of magnitude higher than
the thermal relic cross-section (⇡3⇥ 10�26 cm3 s�1). Attempts to
reconcile such a high cross-section with the relic abundance of
DM include a Sommerfeld enhanced cross-section (that may sat-
urate at h�3i ⇡ 10�24 cm3 s�1) or non-thermal production of DM
(see, e.g., the discussion by Madhavacheril et al. 2014). Both of
these possibilities are strongly disfavoured by the Planck data.
We cannot, however, exclude more exotic possibilities, such as
DM annihilation through a p-wave channel with a cross-section
that scales as 32 (Diamanti et al. 2014). Since the relative veloc-
ity of DM particles at recombination is many orders of magni-
tude smaller than in the Galactic halo, such a model cannot be
constrained using CMB data.

Observations from the Fermi Large Area Telescope of ex-
tended �-ray emission towards the centre of the Milky Way,
peaking at energies of around 1�3 GeV, have been interpreted
as evidence for annihilating DM (e.g.,Goodenough & Hooper
2009; Gordon & Macías 2013; Daylan et al.2016; Abazajian
et al. 2014; Lacroix et al. 2014). The light grey stars in Fig. 41
show specific models of DM annihilation designed to fit the
Fermi �-ray excess (Calore et al. 2015), while the light grey box
shows the uncertainties of the best-fit cross-sections due to im-
precise knowledge of the Galactic DM halo profile. Although
the interpretation of the Fermi excess remains controversial (be-
cause of uncertainties in the astrophysical backgrounds), DM an-
nihilation remains a possible explanation. The best-fit models of
Calore et al. (2015) are consistent with the Planck constraints on
DM annihilation.

6.7. Testing recombination physics with Planck

The cosmological recombination process determines how CMB
photons decoupled from baryons around redshift z ⇡ 103,
when the Universe was about 400 000 years old. The impor-
tance of this transition on the CMB anisotropies has long been
recognized (Sunyaev & Zeldovich 1970; Peebles & Yu 1970).
The most advanced computations of the ionization history
(e.g., Ali-Haïmoud & Hirata 2010; Ali-Haimoud & Hirata 2011;
Chluba & Thomas 2011; Chluba et al. 2012) account for many
subtle atomic physics and radiative transfer e↵ects that were
not included in the earliest calculations (Zeldovich et al. 1968;
Peebles 1968).

With precision data from Planck, we are sensitive
to sub-percent variations of the free electron fraction
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CMB as a direct detection experiment: 
testing dark matter scattering

suppose the DM elastically scatters with baryons / electrons / photons.

=> exchanges momentum with the photon-baryon plasma

=> affects the linear evolution of perturbations  
[Chen ++ 02, Sigurdson ++ 04, Dvorkin ++ 14, Boddy & Gluscevic 18]

a�1 d

dt
(a~vb) = �~r�+ �Compt(~v� � ~vb) + ��b(~v� � ~vb)

a�1 d

dt
(a~v�) = �~r� +

⇢b
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where N0⌘2
7
2 /3

p
⇡, YHe is the helium mass fraction,

and Tb and T� are the temperatures of the baryon and
DM fluids. The internal spin degrees of freedom6 are
g�=2, gp=2, and gHe=1. In the nuclear shell model,
the length parameter for helium is aHe⇡1.5 fm [40]. For
spin-independent scattering, the total rate coe�cient is

R(SI)

� = R(SI)

�p + R(SI)

�He
; for spin-dependent scattering, the

total rate coe�cient is R(SD)

� = R(SD)

�p . Note that the ve-
locity dependence of the cross section in the case of he-
lium translates to the additional temperature-dependent
term in the last line of the above expressions.

Since we are interested in light DM, we cannot neglect
terms with T� in the above equations (as was done in
Ref. [36] for heavy DM). We thus track the DM temper-
ature evolution given by7 [35, 36]

Ṫ� = �2
ȧ

a
T� + 2R0

�(Tb � T�) . (5)

The heat-exchange coe�cients control when the DM and
baryon fluids thermally decouple, and they are given by
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� ⌘ (µ�p/mp)R
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�He
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(6)

Data analysis and results. We use the CMB
power spectra and likelihoods from the Planck 2015 data
release, as available through the clik/plik distribu-
tion [30, 31]. We analyze temperature, polarization, and
lensing to jointly constrain the six standard ⇤CDM pa-
rameters: the Hubble parameter h, baryon density ⌦bh2,
DM density ⌦�h2, reionization optical depth ⌧ , the am-
plitude of the scalar perturbations As, and the scalar
spectral index ns. We also include the coupling coef-

ficient cSI/SDp as an additional free parameter (with a
wide flat prior probability distribution). We use the code
MontePython [46] with the PyMultinest [47] implemen-
tation of nested likelihood sampling [48–50].8 We repeat

6 The DM and baryonic spin degrees of freedom were omitted in
similar expressions derived in Refs. [34–36].

7 At early times, when the interactions a↵ect the evolution of den-
sity modes accessible to cosmological observables, baryons are
in thermal contact with photons, and the backreaction on the
baryon temperature is a subdominant e↵ect; we thus ignore it.

8 For the case of no DM–proton interactions (vanishing coupling
coe�cients), we recover ⇤CDM parameter values and constraints
consistent with Planck published results [30] (to within 0.14�).

FIG. 1. Constraints on the DM–proton scattering cross sec-
tion, as derived from various cosmological measurements;
shaded regions are excluded with 95% confidence. The exclu-
sion curves that partially span this mass range are from pre-
vious state-of-the-art results, while the red curves that span
the entire mass range represent the constraints derived in this
study for spin-independent and spin-dependent scattering.
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FIG. 2. Percent di↵erence in the CMB temperature power
spectrum between the ⇤CDM model and a model with spin-
independent DM–proton scattering, where the interaction
strength is set to its 95% confidence-level upper limit (while
all other cosmological parameters are kept at their best-fit
Planck 2015 values [45]). The size of Planck 2� error bar
(binned with a bin size �`=50) is roughly represented by the
shaded region, for reference.

the fitting procedure for a range of 8 fixed DM mass val-
ues between 1 keV and 1 TeV for spin-independent and
for spin-dependent interactions.

We find no evidence for DM–proton scattering in the
data, and thus derive 95% confidence-level upper lim-
its on cSIp and cSDp as a function of DM mass. We
then convert these results into upper limits on the cor-
responding interaction cross sections; the resulting ex-

3

DM and baryons, we obtain

R(SI/SD)

�p = N0a⇢b(1 � YHe)
g�gp�

(SI/SD)

p

m� + mp

✓
Tb

mp
+

T�

m�

◆ 1
2

R(SI)

�He
= N0a⇢bYHe

g�gHe�
(SI)

He

m� + mHe

✓
Tb

mHe

+
T�

m�

◆ 1
2

⇥

1 + (2µHeaHe)

2

✓
Tb

mHe

+
T�

m�

◆��2

, (4)

where N0⌘2
7
2 /3

p
⇡, YHe is the helium mass fraction,

and Tb and T� are the temperatures of the baryon and
DM fluids. The internal spin degrees of freedom6 are
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ature evolution given by7 [35, 36]
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Data analysis and results. We use the CMB
power spectra and likelihoods from the Planck 2015 data
release, as available through the clik/plik distribu-
tion [30, 31]. We analyze temperature, polarization, and
lensing to jointly constrain the six standard ⇤CDM pa-
rameters: the Hubble parameter h, baryon density ⌦bh2,
DM density ⌦�h2, reionization optical depth ⌧ , the am-
plitude of the scalar perturbations As, and the scalar
spectral index ns. We also include the coupling coef-

ficient cSI/SDp as an additional free parameter (with a
wide flat prior probability distribution). We use the code
MontePython [46] with the PyMultinest [47] implemen-
tation of nested likelihood sampling [48–50].8 We repeat

6 The DM and baryonic spin degrees of freedom were omitted in
similar expressions derived in Refs. [34–36].

7 At early times, when the interactions a↵ect the evolution of den-
sity modes accessible to cosmological observables, baryons are
in thermal contact with photons, and the backreaction on the
baryon temperature is a subdominant e↵ect; we thus ignore it.

8 For the case of no DM–proton interactions (vanishing coupling
coe�cients), we recover ⇤CDM parameter values and constraints
consistent with Planck published results [30] (to within 0.14�).
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FIG. 1. Constraints on the DM–proton scattering cross sec-
tion, as derived from various cosmological measurements;
shaded regions are excluded with 95% confidence. The exclu-
sion curves that partially span this mass range are from pre-
vious state-of-the-art results, while the red curves that span
the entire mass range represent the constraints derived in this
study for spin-independent and spin-dependent scattering.

FIG. 2. Percent di↵erence in the CMB temperature power
spectrum between the ⇤CDM model and a model with spin-
independent DM–proton scattering, where the interaction
strength is set to its 95% confidence-level upper limit (while
all other cosmological parameters are kept at their best-fit
Planck 2015 values [45]). The size of Planck 2� error bar
(binned with a bin size �`=50) is roughly represented by the
shaded region, for reference.

the fitting procedure for a range of 8 fixed DM mass val-
ues between 1 keV and 1 TeV for spin-independent and
for spin-dependent interactions.

We find no evidence for DM–proton scattering in the
data, and thus derive 95% confidence-level upper lim-
its on cSIp and cSDp as a function of DM mass. We
then convert these results into upper limits on the cor-
responding interaction cross sections; the resulting ex-

Gluscevic & Boddy 18

Effect on CMB anisotropies
Constant cross section

See also Boddy & Gluscevic 18 for constraints to general operators. 

Bounds appear weaker than direct detection limits but  
(i) can probe masses < GeV 
(ii) shielding puts a ceiling to detectable cross sections



If non-relativistic, scattering DM extracts heat from the photon-baryon plasma

Constraints from spectral distortions
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spectral distortion bounds.   
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Summary
• CMB anisotropies and spectral distortions can constrain DM 

annihilation, or in general energy injection in the plasma, e.g. PBHs.                 
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Figure 4. Improvement on forecasted constraints for a cosmic-variance-limited temperature-only CMB
experiment up to a given `max relative to that with `max = 1500.

xe  1 (by neutrality, assuming the helium is unionized) we see in Figure 5 that dark matter

annihilation has its largest impact on xe between recombination and reionization, when xe ⌧ 1.

Since the dominant e↵ect occurs when xe ⌧ 1, we can simplify Equation (3.1) using CH = 1,

and in this limit the hydrogen ionization rate due to dark matter annihilation is

I� ⇡
pann⇢

2
�

3✏H
, (3.2)

where ✏H ' 13.6 eV is the ionization energy of hydrogen. Furthermore, the temperature after

recombination is su�ciently small to neglect the contribution from �H . For annihilation rates of

interest, the dark matter annihilation and recombination rates are much faster than the expansion

rate, and one can find an approximate solution when these e↵ects cancel [5, 17], giving

xe,floor ⇡
⇢�

⇢b

s
1

3(1 � Yp)2
m

2

H

✏H↵H

pann . (3.3)

For z < 1000, ↵H / z
�2/3 and so xe,floor / z

1/3. Note that, even though the annihilation rate is

proportional to ⇢
2
� and therefore decreases like a

�6, the recombination rate is proportional to n
2
e

and therefore decreases at a similar rate. As a result, the e↵ective ionization level only shows a

weak dependence on redshift.

When xe ⌧ 1, the visibility function can be well approximated by

g(⌘) = anexe�T . (3.4)

Decomposing �T,P (⌘0) ⌘
P

`
P`(µ)�⇥T,P

`
, the contribution from late times is given as

�⇥T,P

`
⇡

Z
⌘0

⌘?

d⌘ anexe�T sT,P (⌘)j`(k(⌘0 � ⌘)) . (3.5)

8

• The CMB can also probe scattering DM through its cooling effect 
and momentum exchange. 

Green, Meerburg, Meyers 18

• How much can bounds be improved?


