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 Assumptions about local 

astrophysics of DM. [cf. talk 

by Nassim] 

 

 Limited ability to pin down 

nature of the interaction. 

[see arXiv 1506.04454] 

 

 DD has a ceiling. 

 

 Masses << GeV are still 

poorly explored. 

 

 Vast sub-GeV lanscape! 
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Caveats of low-energy searches  

Emken and Kouvaris, 2017 

@ 10-29 cm2:  
1000 interactions 

before target 



Fk 

 

Fg 

Acoustic oscillations 
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Cosmic microwave background [CMB] 

Plot by E. Calabrese 

(for ACTPol) 

Power spectrum 



Image credits: Amanda Yoho, Planck CMB simulator at http://strudel.org.uk/planck/#; ESA/Planck 4 

CMB on Dark Matter 

DM = gravitating fluid (old and uninteresting). 

http://strudel.org.uk/planck/
http://strudel.org.uk/planck/


With dark matter-proton scattering: 

Boddy and VG (2018). 

Fk 

 

Fg 
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scattering drag force 

suppression of small scales 



scattering drag force 

suppression of small scales 

VG and Boddy (2017), Boddy and VG (2018); Previous work: Chen et al (2002), Sigurdson et al (2004); Dvorkin et al (2014); etc.

Fk 

 

Fg 

Temperature                                             Polarization 
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With dark matter-proton scattering: 



Scattering in the early universe 

Rotation in the CMB 

Momentum transfer between baryon-photon fluid and DM 

Gluscevic and Boddy (2017), 

Boddy and Gluscevic (2018), 

Chen et al (2002), Sigurdson et al 

(2004); Dvorkin et al (2014); etc. 

4

In general, there are two velocity scales that enter dV⃗χ / dt. The first is the thermal velocity dispersion,

(∆ v⃗)
2

= (v⃗χ − v⃗b)
2

= 3
Tb

mb

+
Tχ

mχ

, (8)

where ⟨...⟩ denotes thermal average. The second is the peculiar velocity Vχ it self. In the limit where the peculiar

velocity is smaller than the velocity dispersion, V 2
χ < (∆ v⃗)

2
, we find

dV⃗χ

dt
= − V⃗χ

cnρbσ0
⟨(∆ v⃗ ) 2 ⟩

3

n + 1
2

mχ + mb

, (9)

at leading order in V 2
χ / (∆ v⃗)

2
, with

cn =
2

n + 5
2 Γ 3 + n

2

3
√
π

, (10)

evaluat ing to cn ≈ { 0.27, 0.33, 0.53, 1, 2.1, 5, 13, 35, 102} for n = { − 4, − 3, − 2, − 1, 0, 1, 2, 3, 4} .
In the limit that thepeculiar velocity is larger than thevelocity dispersion, thecalculat ion reducesto thedecelerat ion

of the relat ive mot ion between two cold flows. The decelerat ion of the DM fluid in this case is given by

dV⃗χ

dt
= − V⃗χ

ρbσ0 |Vχ |
n + 1

mχ + mb

, (11)

at leading order in (∆ v⃗)
2

/ V 2
χ .

Note that in general, the dependence of dVχ / dt, the drag force per unit mass, on the baryon-DM relat ive velocity

is not linear. In the limit V 2
χ ≪ (∆ v⃗)

2
, the dependence reduces to linear. In the opposite limit , V 2

χ ≫ ∆ v⃗2 , the

dependence on Vχ is nonlinear unless n = − 1. In the early Universe, as we look further backwards in t ime, therecomes
a t ime when typical peculiar velocit ies become small in comparison to the thermal velocity dispersion. The transit ion
occurs around redshift z ∼ 104 (see Fig. 1). At earlier t imes (higher redshift ), Eq. (9) then tell us that we may use

linear perturbat ion theory in order to calculate the evolut ion of the peculiar velocity V⃗χ . In what follows, we use this
observat ion to calculate precisely the evolut ion of modes at high redshift in order to compare with cosmological data.
We discuss later on the complicat ion arising at z < 104, where the problem becomes nonlinear.

I I I . L I N EA R COSM OL OG I CA L PERT U R B AT I ON S W I T H D A R K -M AT T ER–B A RY ON
I N T ER A CT I ON S

A . B ol t zm ann equat ions

We now consider the modificat ions to the Boltzmann equat ions for dark mat ter and baryons that arise from the
baryon-DM coupling. We work in synchronous gauge, following the notat ion and convent ions of Ref. [38]. We allow
for a nonzero peculiar velocity for DM that arises from the interact ion with baryons [14, 15] and defined so that the
DM peculiar velocity vanishes in the absence of scat tering. The evolut ion equat ions for the DM and baryon density
fluctuat ions, δχ and δb respect ively, and velocity divergence, θχ and θb, respect ively, are given for a Fourier mode of
wavenumber k by

δ̇χ = − θχ −
ḣ

2
, δ̇b = − θb −

ḣ

2
,

θ̇χ = −
ȧ

a
θχ + c2

χ k2δχ + Rχ (θb − θχ ) ,

θ̇b = −
ȧ

a
θb + c2

bk2δb + Rγ (θγ − θb) +
ρχ

ρb

Rχ (θχ − θb) ,

(12)

5

where ρχ (ρb) is the DM (baryon) mass density, and an overdot denotes derivat ive with respect to conformal t ime.
We derive the DM-baryon momentum-exchange coefficient Rχ below in Sec. I I I B.

The DM and baryon temperatures evolve according to

Ṫχ = − 2
ȧ

a
Tχ +

2mχ

mχ + mH

R ′
χ (Tb − Tχ ) ,

Ṫb = − 2
ȧ

a
Tb +

2µb

mχ + mH

ρχ

ρb

R ′
χ (Tχ − Tb)

+
2µb

me

Rγ (Tγ − Tb) . (13)

Here, µb ≃ mH (nH + 4nHe) / (nH + nHe + ne) is the mean molecular weight for the baryons, and Rγ =
(4/ 3)(ργ / ρb)aneσT is the usual Compton collision term [38]. The thermalizat ion rate R ′

χ is related to the momentum
exchange rate Rχ (with R ′

χ → Rχ in the heavy DM limit ) and is given in Sec. I I I B below.

Our calculat ions apply to cold DM with mass mχ > MeV, that is non-relat ivist ic at redshift z < 109. We therefore
neglect possible direct momentum transfer between the photon and DM fluids, and consider only direct interact ion
with baryons. For the calculat ions we will be interested in, the DM sound speed c2

χ is unimportant , and we neglect
the corresponding term in what follows.

B . T he m om ent um -exchange r at e coefficient

If the peculiar velocity is small compared with the thermal velocity—i.e., if V 2
χ ≪ (∆ v⃗)

2
—then the DM-baryon

momentum-exchange and thermalizat ion rate coefficients, appearing in Eqs. (12) and (13), can be read from Eqs. (9)
and (A2) to be

Rχ =
acn ρbσ0

mχ + mH

Tb

mH

+
Tχ

mχ

n + 1
2

FHe (14)

and

R ′
χ = Rχ 1 +

3mH

mχ + 4mH

1− f He

FHe

− 1 , (15)

respect ively, with R ′
χ ≃ Rχ for heavy DM.

We include a correct ion factor,

FHe = 1− f He + f He

σHe

σ0

1 + m H

m χ

1 + 4m H

m χ

⎛

⎝
1 +

Tχ m H

Tb m χ

1 +
4Tχ m H

Tb m χ

⎞

⎠

n + 1
2

≃ 1 + 0.24
σHe

σ0

− 1 , (16)

for scat tering from helium with mass mHe ≃ 4mH and mass fract ion f He ≃ 0.24. The approximat ion on the second
line of Eq. (16) is applicable if the DM is heavier than helium. The value of FHe depends on the rat io (σHe/ σ0)
between the cross sect ion for scat tering on helium to that for scat tering on hydrogen. Plausible numerical values
are, e.g., FHe = 4.6 or FHe = 1.7, valid for DM mass above a few GeV with the same amplitude for scat tering from
protons and neutrons and, respect ively, coherent or incoherent scat tering on helium. Nevertheless, as FHe involves
some model dependence, in report ing our numerical results we conservat ively set (σHe/ σ0) = 0, fixing FHe = 0.76
unless explicit ly stated otherwise.

For V 2
χ ≪ (∆ v⃗)

2
, the coefficient Rχ is independent of θχ − θb, and the DM-baryon drag that appears in Eq. (12)

is linear in the velocity perturbat ion. The usual linear-theory approach, obtained by solving the linearized Boltzmann
equat ions independent ly for each Fourier mode, is valid.

However, this assumpt ion V 2
χ ≪ (∆ v⃗)

2
is not always valid. The rms DM-baryon relat ive velocity is given

by [39]

V 2
RM S = V⃗ 2

χ
ξ

=
dk

k
∆ ξ

θb − θc

k

2

, (17)
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Planck constraints on DM-proton scattering 
 

VG and Boddy (2017), Boddy and VG (2018) 

 

 

 

 

Planck 2015 T+P+lensing 

(velocity-independent scattering,  
DM mass=1GeV, include He): 

9 



Cosmological exclusion curves 
 

v-independent DM scattering with proton: 95% confidence upper limit 

10 

 

High cross sections, down to mass ~keV! 

 

1 keV 1 MeV 1 GeV 1 TeV
particle mass mχ

10 30

10 29

10 28

10 27

10 26

10 25

10 24

10 23

10 22
cr

o
ss

se
ct

io
n

[c
m

2
]

Planck 2015, spin-independent (this work)

Planck 2015, spin-dependent (this work)

Spectral distortions (Ali-Häımoud et al, 2015)

Planck 2013 (Dvorkin et al, 2014)

Planck 2013 + Ly-α (Dvorkin et al, 2014)

COBE + 2dF (Chen et al, 2002)

VG and Boddy (2017) 
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Non-relativistic EFT 

[Fan et al, 2010; Fitzpatrick et al, 2012; Anand et al, 2013] 



 

 Each operator -> cross section with a different dependence on 

relative particle velocity, different thermal history: 

 

 

 

 

 

 

 

 

 

 

 

 

 

12/14 

Momentum transfer 



13/14 

CMB observables 
7

FIG. 1. [L eft ] Redshift evolut ion of the coefficient Rχ , defined in Eq. (19), which quant ifies the rate of momentum exchange

between the DM and baryon fluids. It is normalized to the Hubble expansion rate. [R ight ] Redshift evolut ion of the DM
temperature Tχ . The CMB temperature (thin gray line) is also plot ted for reference. [B ot h] These background quant it ies
are shown for a subset of DM–proton interact ions with various relat ive velocity scalings of the cross sect ion (indicated in the

legend). We fix the DM spin to Sχ = 1/ 2 and the DM part icle mass to mχ = 1 GeV, and set the coupling coefficients to their
respect ive 2σ upper limits reported in Table I I I , keeping other cosmological parameters at their best -fit Planck 2015 values.

for the rate coefficient at a given redshift is

Rχ = a⇢b

X

B

YB gB gχ

mχ + mB

eσ
( i )

B

2(1 + β)

2 + ↵ + β
Nn

✓
Tb

mB

+
Tχ

mχ

◆1/ 2+ ↵ + β

⇥ 1 + (2µχB aB )2

✓
Tb

mB

+
Tχ

mχ

◆ − (2+ β )

, (19)

where YB is the mass fract ion of the baryon B ; Nn⌘2(5+ n ) / 2Γ(3 + n/ 2)/ (3
p
⇡ ) is a numerical factor; and Tb and Tχ

are the baryon and DM temperatures, respect ively.
Finally, since we are interested in sub-GeV DM, we cannot neglect terms with Tχ in above equat ions, as was the

approach in Ref. [25]. We thus t rack the coupled evolut ion of the DM and baryon temperatures, given by

Ṫχ = − 2
ȧ

a
Tχ + 2R0

χ (Tb − Tχ )

Ṫb = − 2
ȧ

a
Tb +

2µb

mχ

⇢χ
⇢b

R0
χ (Tχ − Tb) +

2µb

me

Rγ (Tγ − Tb) , (20)

where me is the elect ron mass; µb⇡mH (nH + 4nHe)/ (nH + nHe + ne) is the mean molecular weight of the baryons; nH

and nHe are the number densit ies of protons and helium nuclei, respect ively; and the heat-exchange rate coefficient
R0

χ is given by Eq. (19), but with an addit ional factor of mχ / (mχ + mB ) mult iplying each summand.

B . E↵ect of Scat t er ing on Cosm ological Obser vables

We have modified the linear Boltzmann solver CLASS to implement the Boltzmann equat ions given in Sect ion I I I A,
incorporat ing the e↵ect of DM–proton scat tering on the evolut ion of cosmological perturbat ions, for all operators
in Eq. (1). Figure 1 shows the relevant background quant it ies, Tχ and Rχ , as funct ions of redshift for a subset of
operators that correspond to interact ions whose cross sect ions scale with di↵erent powers of velocity (labeled as vn

in the legends of the Figure). To illust rate the evolut ion of these quant it ies, we fix Sχ = 1/ 2 and mχ = 1 GeV, set the
coupling coefficients to their respect ive 2σ upper limits reported in Table I I I , and keep other cosmological parameters
at their best -fit Planck 2015 values [38]. A st ronger velocity dependence (larger n) leads to more momentum transfer
at early t imes and to a later thermal decoupling t ime of the DM and baryon fluids. This di↵erence in the evolut ion
of Rχ determines the relat ive size of the e↵ect of DM–baryon scat tering on di↵erent density perturbat ion modes,
t raceable through cosmological observables such as the CMB power spect ra C` and the three-dimensional mat ter
power spectrum P (k).

0 2000 4000
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 Each operator -> cross section with a different dependence on 

relative particle velocity, different thermal history: 
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Boddy and VG (2018) 

Cosmological constraint on DM-baryon EFT  
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Other scattering scenarios 

Late-time: n <-2                        Early-time: n≥-2 

Boddy, VG, Poulin, + (coming up) 

σ~σ0 v
n

  
Dvorkin+ (2014); Xu+ (2018); 

Slatyer+ (2018) 
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Late-time scattering: relative bulk velocity 

Problem: non-linear equations 

4

In general, there are two velocity scales that enter dV⃗χ / dt. The first is the thermal velocity dispersion,

(∆ v⃗)
2

= (v⃗χ − v⃗b)
2

= 3
Tb

mb

+
Tχ

mχ

, (8)

where ⟨...⟩ denotes thermal average. The second is the peculiar velocity Vχ it self. In the limit where the peculiar

velocity is smaller than the velocity dispersion, V 2
χ < (∆ v⃗)

2
, we find

dV⃗χ

dt
= − V⃗χ

cnρbσ0
⟨(∆ v⃗ ) 2 ⟩

3

n + 1
2

mχ + mb

, (9)

at leading order in V 2
χ / (∆ v⃗)

2
, with

cn =
2

n + 5
2 Γ 3 + n

2

3
√
π

, (10)

evaluat ing to cn ≈ { 0.27, 0.33, 0.53, 1, 2.1, 5, 13, 35, 102} for n = { − 4, − 3, − 2, − 1, 0, 1, 2, 3, 4} .
In the limit that thepeculiar velocity is larger than thevelocity dispersion, thecalculat ion reducesto thedecelerat ion

of the relat ive mot ion between two cold flows. The decelerat ion of the DM fluid in this case is given by

dV⃗χ

dt
= − V⃗χ

ρbσ0 |Vχ |
n + 1

mχ + mb

, (11)

at leading order in (∆ v⃗)
2

/ V 2
χ .

Note that in general, the dependence of dVχ / dt, the drag force per unit mass, on the baryon-DM relat ive velocity

is not linear. In the limit V 2
χ ≪ (∆ v⃗)

2
, the dependence reduces to linear. In the opposite limit , V 2

χ ≫ ∆ v⃗2 , the

dependence on Vχ is nonlinear unless n = − 1. In the early Universe, as we look further backwards in t ime, therecomes
a t ime when typical peculiar velocit ies become small in comparison to the thermal velocity dispersion. The transit ion
occurs around redshift z ∼ 104 (see Fig. 1). At earlier t imes (higher redshift ), Eq. (9) then tell us that we may use

linear perturbat ion theory in order to calculate the evolut ion of the peculiar velocity V⃗χ . In what follows, we use this
observat ion to calculate precisely the evolut ion of modes at high redshift in order to compare with cosmological data.
We discuss later on the complicat ion arising at z < 104, where the problem becomes nonlinear.

I I I . L I N EA R COSM OL OG I CA L PERT U R B AT I ON S W I T H D A R K -M AT T ER–B A RY ON
I N T ER A CT I ON S

A . B ol t zm ann equat ions

We now consider the modificat ions to the Boltzmann equat ions for dark mat ter and baryons that arise from the
baryon-DM coupling. We work in synchronous gauge, following the notat ion and convent ions of Ref. [38]. We allow
for a nonzero peculiar velocity for DM that arises from the interact ion with baryons [14, 15] and defined so that the
DM peculiar velocity vanishes in the absence of scat tering. The evolut ion equat ions for the DM and baryon density
fluctuat ions, δχ and δb respect ively, and velocity divergence, θχ and θb, respect ively, are given for a Fourier mode of
wavenumber k by

δ̇χ = − θχ −
ḣ

2
, δ̇b = − θb −

ḣ

2
,

θ̇χ = −
ȧ

a
θχ + c2

χ k2δχ + Rχ (θb − θχ ) ,

θ̇b = −
ȧ

a
θb + c2

bk2δb + Rγ (θγ − θb) +
ρχ

ρb

Rχ (θχ − θb) ,

(12)

5

where ρχ (ρb) is the DM (baryon) mass density, and an overdot denotes derivat ive with respect to conformal t ime.
We derive the DM-baryon momentum-exchange coefficient Rχ below in Sec. I I I B.

The DM and baryon temperatures evolve according to

Ṫχ = − 2
ȧ

a
Tχ +

2mχ

mχ + mH

R ′
χ (Tb − Tχ ) ,

Ṫb = − 2
ȧ

a
Tb +

2µb

mχ + mH

ρχ

ρb

R ′
χ (Tχ − Tb)

+
2µb

me

Rγ (Tγ − Tb) . (13)

Here, µb ≃ mH (nH + 4nHe) / (nH + nHe + ne) is the mean molecular weight for the baryons, and Rγ =
(4/ 3)(ργ / ρb)aneσT is the usual Compton collision term [38]. The thermalizat ion rate R ′

χ is related to the momentum
exchange rate Rχ (with R ′

χ → Rχ in the heavy DM limit ) and is given in Sec. I I I B below.

Our calculat ions apply to cold DM with mass mχ > MeV, that is non-relat ivist ic at redshift z < 109. We therefore
neglect possible direct momentum transfer between the photon and DM fluids, and consider only direct interact ion
with baryons. For the calculat ions we will be interested in, the DM sound speed c2

χ is unimportant , and we neglect
the corresponding term in what follows.

B . T he m om ent um -exchange r at e coefficient

If the peculiar velocity is small compared with the thermal velocity—i.e., if V 2
χ ≪ (∆ v⃗)

2
—then the DM-baryon

momentum-exchange and thermalizat ion rate coefficients, appearing in Eqs. (12) and (13), can be read from Eqs. (9)
and (A2) to be

Rχ =
acn ρbσ0

mχ + mH

Tb

mH

+
Tχ

mχ

n + 1
2

FHe (14)

and

R ′
χ = Rχ 1 +

3mH

mχ + 4mH

1− f He

FHe

− 1 , (15)

respect ively, with R ′
χ ≃ Rχ for heavy DM.

We include a correct ion factor,

FHe = 1− f He + f He

σHe

σ0

1 + m H

m χ

1 + 4m H

m χ

⎛

⎝
1 +

Tχ m H

Tb m χ

1 +
4Tχ m H

Tb m χ

⎞

⎠

n + 1
2

≃ 1 + 0.24
σHe

σ0

− 1 , (16)

for scat tering from helium with mass mHe ≃ 4mH and mass fract ion f He ≃ 0.24. The approximat ion on the second
line of Eq. (16) is applicable if the DM is heavier than helium. The value of FHe depends on the rat io (σHe/ σ0)
between the cross sect ion for scat tering on helium to that for scat tering on hydrogen. Plausible numerical values
are, e.g., FHe = 4.6 or FHe = 1.7, valid for DM mass above a few GeV with the same amplitude for scat tering from
protons and neutrons and, respect ively, coherent or incoherent scat tering on helium. Nevertheless, as FHe involves
some model dependence, in report ing our numerical results we conservat ively set (σHe/ σ0) = 0, fixing FHe = 0.76
unless explicit ly stated otherwise.

For V 2
χ ≪ (∆ v⃗)

2
, the coefficient Rχ is independent of θχ − θb, and the DM-baryon drag that appears in Eq. (12)

is linear in the velocity perturbat ion. The usual linear-theory approach, obtained by solving the linearized Boltzmann
equat ions independent ly for each Fourier mode, is valid.

However, this assumpt ion V 2
χ ≪ (∆ v⃗)

2
is not always valid. The rms DM-baryon relat ive velocity is given

by [39]

V 2
RM S = V⃗ 2

χ
ξ

=
dk

k
∆ ξ

θb − θc

k

2

, (17)

Only for Vbulk << Vthermal 

Tseliakhovitch and Hirata (2010) 
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Late-time scattering: relative bulk velocity 

Problem: non-linear equations 

Solution: use a proxy for Vbulk 

Boddy, VG, Poulin, + (coming up) 

0 500 1000 1500 2000 2500
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n = -4 [TT]

new Vbulk treatment

old Vbulk treatment
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v-4  scattering: Planck limits 

10 keV 100 keV 1 MeV 10 MeV100 MeV 1 GeV
DM particle mass

10 44

10 43

10 42

10 41

10 40
cr

o
ss

se
ct

io
n

[c
m

2
]

n = -4

aggressive limit

conservative limit

realistic limit

Boddy, VG, Poulin, + (coming up) 



What about EDGES? 

 [cf. Jordan Mirocha’s talk] 

19 

? 
• Systematics? 

• Foregrounds?  
• Astrophysics? 

• Cold baryons? 

Bowman+ (2018)               Barkana (2018) 

Order of business: Is it in the sky? Is it cosmological? Is it DM? 



20 Boddy, VG, Poulin, + (coming up) 

EDGES: v-4 and millicharge 

From CMB limits on momentum-transfer: EDGES cannot be 1% of 

millicharged DM, but could be 100% with some other v-4  interaction. 

10 keV 100 keV 1 MeV
DM particle mass

10 44
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cr
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2
]

EDGES lower limit

100% interacting

10% interacting

1% interacting

Planck excluded

Barkana+ (2018)  
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Boddy, VG, Poulin, + (coming up) 

Kovetz, Poulin, VG, Boddy (coming up) 

See also: Dolgov+ (2013) 

Fractional DM with v-4 scattering 

10 3 10 2 10 1 100

fχ ωχ ωcdm

10 42

10 41

10 40

10 39

10 38

10 37

10 36

10 35
cr
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2
]

10 MeVPlanck 2015 Constraints

Take-home: EDGES with millicharged component at < 0.5% of DM is allowed.   



What’s coming? 
 

Data 
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ACTPol spectrum and parameters 7

A
C

T
P

o
l

P
la

n
ck

Fig. 5.— A 45 deg2 subset of themap in full resolution in T showing ACTPol 149 GHz (top) and Planck 143 GHz (bottom), in equatorial
coordinates, both filtered as in Figure 1. The color scale is ±250µK. This region covers the transition from deep (top left, sensitivity
10µK ·arcmin) to shallow (right, 16µK ·arcmin) exposure, and represents about 8% of the usable area in D56. The two maps are in good
agreement. Several point sources (red dots) and SZ clusters (circled) are visible in the ACTPol map. The identified clusters are ACT-CL
J0137.4-0827, ACT-CL J0140.0-0554, ACT-CL J0159.8-0849 (all previously found in other cluster surveys), and ACT-CL J0205.3-0439
(reported in Naess et al. (2014)). Their details will be given in a forthcoming paper.
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Fig. 5.— A 45 deg2 subset of themap in full resolution in T showing ACTPol 149 GHz (top) and Planck 143 GHz (bottom), in equatorial
coordinates, both filtered as in Figure 1. The color scale is ±250µK. This region covers the transition from deep (top left, sensitivity
10µK ·arcmin) to shallow (right, 16µK ·arcmin) exposure, and represents about 8% of the usable area in D56. The two maps are in good
agreement. Several point sources (red dots) and SZ clusters (circled) are visible in the ACTPol map. The identified clusters are ACT-CL
J0137.4-0827, ACT-CL J0140.0-0554, ACT-CL J0159.8-0849 (all previously found in other cluster surveys), and ACT-CL J0205.3-0439
(reported in Naess et al. (2014)). Their details will be given in a forthcoming paper.
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Atacama Cosmology Telescope [ACT] 
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Forecasts  

Zack Li (Princeton) 

 

 [Li, VG, +, in prep] 

Gain 2 orders of magnitude with CMB-Stage 

4. 



26 

Distinguishability? 

Zack Li (Princeton) 

 

[Li, VG, +, in prep] 

 

DM-baryon scattering does NOT look like neutrino 

mass, DM annihilations, Neff, nor LCDM parameters. 



What’s coming? 
 

Analysis 

27 



 

 

Work in progress 

 
(with K. Boddy, Z. Li, M. Madhavacheril, the ACTPol collaboration) 

 

 

 Cross-correlation with large-scale structure. 

 

 Scattering with electrons (better sensitivity to lower mass). 

 

 Specific well-motivated models. 

 

 Ultimate goal: combine analyses of experimental and observational 

data, find and confirm the signal, robustly test DM physics.  

 

Yes to putting it all on the same plot! 

 
[c.f. talks by Rouven and Jocelyn] 
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Future 
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Planck 2015, spin-independent (this work)

Planck 2015, spin-dependent (this work)

Spectral distortions (Ali-Häımoud et al, 2015)

Planck 2013 (Dvorkin et al, 2014)

Planck 2013 + Ly-α (Dvorkin et al, 2014)
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Abundance of new 
observations in near future:  

ACT, SPT, SO, CMB S4, DES, 

LSST, 21-cm cosmology,… 

 

Timeslices by E. Kovetz 



 

 CMB and cosmology probe vast parameter 

space (sub-GeV mass and large cross sections). 

 

 

 Abundance of new data on the horizon:  

     CMB, galaxy surveys, 21-cm experiments, direct      

 detection, LHC, fixed targets, + 

 

 

 Synthesizing information is important to guide 

searches and will be essential in discovery era. 

 

Summary 
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