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Gravitational Lensing

Evidence of Dark Matter

there is no doubt that dark matter has gravitational interaction

the question for this talk: how precise we know dark matter 
gravitational interaction strength?
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Dark Matter Direct Detection
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FIG. 6: The 90% C.L. upper limit for spin-independent isoscalar WIMP-nucleon cross section for the PandaX-I experiment
(red curves): PandaX-I using E

nr

and S1 mapping from NEST [25] (red solid) and using L
e↵

from Ref. [17] (red dashed). Recent
world results are plotted for comparison: XENON100 first results [17] (black dashed), XENON100 225 day results [19] (black
solid), LUX first results [20] (blue), CDEX 2014 results [12] (magenta), SuperCDMS results [14] (orange solid), DAMA/LIBRA
results [4] (green), CoGENT results [6] (cyan), CDMS II-Si results [7] (orange dashed), and CRESST-II 2012 results [8] (brown).
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101: How much we know the Newton’s 
Constant for all matter?   

• A well known fact: the gravitational acceleration of a 
probing body of mass     depends only on the product of 
Newton’s Constant      and the central body mass         

m
GN M

agrav = �GNM

r2

• To break this degeneracy and measure      , an additional 
force is required to define the central body mass 

GN

• A variety of methods has been adopted including terrestrial 
origin: torsion-balance and atom interferometry

• Current value from CODATA 2010 has
GN = 6.67384(80)⇥ 10�11 m3kg�1s�2

a relative error of 1.2⇥ 10�4
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Terrestrial Measurement of GN

C and F. Figure 2 shows the data used for the determination of G. Data
were collected in 100 h during one week in July 2013. Each phase mea-
surement was obtained by fitting a 360-point scan of the atom inter-
ference fringes to an ellipse. The modulation of the differential phase
shift produced by the source mass is easily visible and could be resolved
with a signal-to-noise ratio of 1,000 after about one hour. The resulting
value of the differential phase shift is 0.547870(63) rad, and it was from
this that we obtained G. The cylinders produce 97.0% of the measured
differential phase shift, the cylinder supports produce 2.8% (ref. 20) and
the additional moving masses (translation stages, optical rulers, screws)
produce the remaining 0.2%.

The sources of uncertainty affecting the value of G are presented in
Table 1. Positioning errors account for uncertainties in the positions of
the 24 tungsten cylinders along the radial and vertical direction, both
in configuration C and configuration F. Density inhomogeneities in the
source masses were measured by cutting and weighing a spare cylinder20,
and were modelled in the data analysis. Precise knowledge of the atomic
trajectories is of key importance in analysing the experimental results
and deriving the value of G. The velocities of the atomic clouds, and

their positions at the time of the first interferometer pulse, were calibrated
by time-of-flight measurements and by detecting the atoms when they
crossed a horizontal light sheet while moving upwards and downwards.
The Earth’s rotation affects the atom interferometers’ signals because of
the transverse velocity distribution of the atoms. Following the method
demonstrated for a single interferometer23,24, we implemented a tip–tilt
scheme for the mirror retroreflecting the Raman beams in our double
interferometer.

Extracting the value of G from the data involved the following steps:
calculation of the gravitational potential produced by the source masses;
calculation of the phase shift for single-atom trajectories; Monte Carlo
simulation of the atomic cloud; and calculation of the corrections for
the effects not included in the Monte Carlo simulation (Table 1).

After an analysis of the error sources affecting our measurement, we
obtain the value G 5 6.67191(77)(62) 3 10211 m3 kg21 s22. The statis-
tical and systematic errors, reported in parenthesis as one standard devi-
ation, lead to a combined relative uncertainty of 150 p.p.m. In Fig. 3, this
result is compared with the values of recent experiments and Committee
on Data for Science and Technology (CODATA) adjustments. Our value,

Table 1 | Effects, relative corrections and uncertainties considered in our determination of G
Parameter Uncertainty in parameter Relative correction to G (p.p.m.) Relative uncertainty in G (p.p.m.)

Air density 10% 60 6
Apogee time 30ms — 6
Atomic cloud horizontal size 0.5 mm — 24
Atomic cloud vertical size 0.1 mm — 56
Atomic cloud horizontal position 1 mm — 37
Atomic cloud vertical position 0.1 mm — 5
Atom launch direction change C/F 8mrad — 36
Cylinder density homogeneity 1024 91 18
Cylinder radial position 10 mm — 38
Ellipse fit — 213 4
Size of detection region 1 mm — 13
Support platform mass 10 g — 5
Translation stage position 0.5 mm — 6
Other effects — ,2 1

Total systematic uncertainty — — 92
Statistical uncertainty — — 116

Total — 137 148

Uncertainties are quoted as one standard deviation. The third column contains the corrections we applied to account for effects not included in the Monte Carlo simulation. The bias and systematic error from
ellipse fittingareevaluatedbyanumericalsimulationonsyntheticdata.Othereffects includecylindermass, cylinder verticalposition,gravitygradient,gravityacceleration,Ramanmirror tilt, Ramankvectorand timing.

6.6806.6756.6706.665

  NIST-82 Torsion balance

  TR&D-96 Torsion balance

  LANL-97 Torsion balance

CODATA 1998

  UWash-00 Torsion balance

  BIPM-01 Torsion balance

  UWup-02 Simple pendulum 

CODATA 2002

  MSL-03 Torsion balance

  HUST-05 Torsion balance

  UZur-06 Beam balance

CODATA 2006

  HUST-09 Torsion balance

  JILA-10 Simple pendulum

CODATA 2010

  BIPM-13 Torsion balance

 This work Atom interferometry 

G (10–11 m3 kg–1 s–2)

Figure 3 | Comparison with previous results.
Result of this experiment for G compared with the
values obtained in previous experiments and with
the recent CODATA adjustments. Only the
experiments considered for the current CODATA
2010 value, and the subsequent BIPM-13 result, are
included. For details on the experiments and their
identification with the abbreviations used in the
figure, see ref. 3 and the additional references in
Methods.

LETTER RESEARCH

0 0 M O N T H 2 0 1 4 | V O L 0 0 0 | N A T U R E | 3

Macmillan Publishers Limited. All rights reserved©2014A large discrepancies among different experiments 
Rosi, et. al., Nature 510 (2014)
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Cosmological Measurement of GN

• Existing studies in the literature have used data from the 
primordial abundances of light elements synthesized by 
BBN and cosmic microwave background (CMB) 
anisotropies to measure    GN

• Zahn and Zaldarriaga, astro-ph/0212360, pointed out this 
possibility

• Umezu, Ichiki, Yahiro, astro-ph/0503578, constrained      at 
the level of ~5% using BBN

GN

• Galli, Melchiorri, Smoot, Zahn, arxiv:0905.1808, obtained a 
similar constraint using WMAP+BBN data 

• We use the latest available cosmological data including: 
       Planck, ACT, SPT, Lensing, BAO, HST and BBN
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Cosmology with a Modified 
Gravitational Constant

• Introducing     to quantify deviations of the gravitational 
constant from     (as measured in Earth based laboratory 
experiments)     

�G

GN

G = �G
2 GN

• The Friedmann equation is: H2 =

✓
ȧ

a

◆2

=
8⇡

3
a2 �G

2 GN ⇢̄

• Unphysical for the background evolution (zeroth order)

• change the “expansion clock” ⌧ ! �G ⌧

H2 =

✓
a0

a

◆2

=
8⇡

3
a2GN ⇢̄

• next check the first-order linear order equations
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1’st Order Fluid Perturbations (DM)
• From energy-momentum conservation (hydrodynamical 

equations)
Tµ⌫

;µ = @µT
µ⌫ + �⌫

↵�T
↵� + �↵

↵�T
⌫� = 0

• For pressureless dark matter fluid (in the conformal 
Newtonian gauge)

• change the “expansion clock” ⌧ ! �G ⌧

• rescale the wavenumber by 

• first order DM perturbation equations are also invariant

k ! k/�G

�̇D = �✓D + 3�̇

✓̇D = � ȧ

a
✓D + k2 

here, �b ⌘ �⇢b/⇢̄b, ✓b ⌘ ikjv
j
b , and ds

2 = a

2(⌧){�(1 + 2 )d⌧2 + (1� 2�)dxi
dxi}�D ⌘ �⇢D/⇢̄D ✓D ⌘ ikjv

j
D
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1’st Order Fluid Perturbations (baryon)
• For baryons, the electromagnetic interaction makes the 

parameter      physical�G

• EM force can be used to define the inertial mass of baryon; 
then one can use gravitational force to measure G

�̇b = �✓b + 3�̇

✓̇b = � ȧ

a
✓b + c2sk

2�b +
4⇢̄�
3⇢̄b

ane �T (✓� � ✓b) + k2 

• Equations are no longer invariant under

⌧ ! �G ⌧ k ! k/�G

• Varying      now yields an observable change in 
cosmological evolution    

�G
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CMB Temperature Power Spectrum
• Cosmological equations integrated and CMB spectra 

computed using the publicly available CLASS code
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Figure 2. The effects of varying �G on the TT, EE, and TE power spectra.

Telescope (ACT) [9], the South Pole Telescope (SPT) [10] and a Planck lensing likelihood.
ACT measures the CMB angular power spectra over a 600 square degree patch of sky at 148
and 218 GHz. SPT does the same measurement over a 800 square degree patch of sky at
95, 150, and 220 GHz. The combined ACT/SPT package covers a multipole moment range
500 < ` < 3500 for use in constraining cosmological parameters.

In addition to the Planck package, we use likelihoods for the Baryon Acoustic Oscillations
(BAO) and the Hubble Space Telescope (HST) available with the Monte Python code. The
HST likelihood comes from [28], which determines the Hubble constant using the Wide Field
Camera 3 on the Hubble Space Telescope to observe over 600 Cepheid variables in the host
galaxies of 8 recent Type Ia supernovae in the optical and infrared. The dataset covers a
redshift range of 0.01 < z < 0.1. The BAO package contains data from the Sloan Digital
Sky Survey (SDSS) (Data Releases 7 and 9) [29, 30] and the Six degree Field Galaxy Survey
(6dFGS) [31]. These experiments have a mean redshift of z ' 0.10 (z ' 0.5) for SDSS Release
7 (9) and z ' 0.05 for 6dFGS. SDSS Release 7(9) covers 11,663(14,555) square degrees and
6dFGS covers ⇠ 17, 000 square degrees of sky.

2.3 Constraints on G

Using the dataset Planck+ACT/SPT+Lensing+BAO+HST, we report in Table 1 the con-
straints obtained on the cosmological parameters which were sampled using Monte Python.
This dataset provides a constraint on �G at about the ⇠ 2.2% level. Including the BBN data
raises the mean value of �G and tightens the constraint to the ⇠ 1.8% level. To show correla-
tions between �G and some common cosmological parameters, we show the one and two sigma
confidence contour plots on the �G � ns planes in Fig. 3. The degeneracy with the scalar

– 6 –
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CMB EE Power Spectrum
• Cosmological equations integrated and CMB spectra 

computed using the publicly available CLASS code
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Figure 2. The effects of varying �G on the TT, EE, and TE power spectra.

Telescope (ACT) [9], the South Pole Telescope (SPT) [10] and a Planck lensing likelihood.
ACT measures the CMB angular power spectra over a 600 square degree patch of sky at 148
and 218 GHz. SPT does the same measurement over a 800 square degree patch of sky at
95, 150, and 220 GHz. The combined ACT/SPT package covers a multipole moment range
500 < ` < 3500 for use in constraining cosmological parameters.

In addition to the Planck package, we use likelihoods for the Baryon Acoustic Oscillations
(BAO) and the Hubble Space Telescope (HST) available with the Monte Python code. The
HST likelihood comes from [28], which determines the Hubble constant using the Wide Field
Camera 3 on the Hubble Space Telescope to observe over 600 Cepheid variables in the host
galaxies of 8 recent Type Ia supernovae in the optical and infrared. The dataset covers a
redshift range of 0.01 < z < 0.1. The BAO package contains data from the Sloan Digital
Sky Survey (SDSS) (Data Releases 7 and 9) [29, 30] and the Six degree Field Galaxy Survey
(6dFGS) [31]. These experiments have a mean redshift of z ' 0.10 (z ' 0.5) for SDSS Release
7 (9) and z ' 0.05 for 6dFGS. SDSS Release 7(9) covers 11,663(14,555) square degrees and
6dFGS covers ⇠ 17, 000 square degrees of sky.

2.3 Constraints on G

Using the dataset Planck+ACT/SPT+Lensing+BAO+HST, we report in Table 1 the con-
straints obtained on the cosmological parameters which were sampled using Monte Python.
This dataset provides a constraint on �G at about the ⇠ 2.2% level. Including the BBN data
raises the mean value of �G and tightens the constraint to the ⇠ 1.8% level. To show correla-
tions between �G and some common cosmological parameters, we show the one and two sigma
confidence contour plots on the �G � ns planes in Fig. 3. The degeneracy with the scalar

– 6 –
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Why at High Multipole Moments?

• If      is increased (decreased), recombination takes place 
over a longer (shorter) period of time     
�G
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Figure 1. Left panel: the ionization fraction xe as a function of z for different �G. Right panel:

the visibility function g(⌧) as a function of conformal time. The axes have been rescaled using the
recombination time ⌧R to remove the overall scaling of ⌧ with �G.

for a larger �G, the universe expands faster at a given redshift, since it becomes more difficult
for hydrogen to recombine and this leads to a larger value for xe. This effect is demonstrated
in the left panel of Fig. 1 in terms of the redshift z = 1/a � 1.

Since the ionization fraction determines the density of free electrons, we also expect
the visibility function to change when varying �G. The normalized visibility function can
be thought as the probability that a photon last scattered at a particular conformal time
⌧ . As �G increases, recombination (and the last scattering of photons) takes place over a
longer period of time which means the visibility function becomes broader. This broadening,
shown in the right panel of Fig. 1, leads to a damping of anisotropies on small scales on which
photons are still scattering. In Fig. 2, we show the net effect of changing G on damping (for
�G > 1) or enhancement (for �G < 1) of the temperature anisotropies, with an emphasis
on the small angular scales. Also in Fig. 2, we show the EE and TE power spectra. Since
the effects are more dramatic at a small scale or a large `, we will later use this fact to
understand constraints from different experiment data. We also note that the effects from
varying �G have a large correlation with the parameter ns of the primordial power spectrum,
since introducing an appropriate tilt of this spectrum can also act to damp or enhance the
small scale peaks.

2.2 Analysis Method

We perform a Markov Chain Monte Carlo analysis using the publicly available Monte Python
code [23] which interfaces with the CLASS code [24, 25]. In addition to �G, we sample
the concordance ⇤CDM parameters which include the physical baryon and CDM densities,
!b = ⌦bh

2 and !c = ⌦ch
2, the Hubble parameter H

0

at the current time, the scalar spectral
index ns, the primordial power spectrum normalization ln(10

10As) at k
0

= 0.05/Mpc and the
reionization optical depth ⌧ . Flat priors were used on all the above cosmological parameters.

The chains are checked for convergence using the Gelman-Rubin R � 1 statistic for each
parameter [26]. To obtain constraints on the cosmological parameters, the Monte Python
package marginalizes over the remaining nuisance parameters. For computing the likelihood
we use the package provided by the Planck team with the 2013 data release [27]. It contains
high and low-` TT likelihoods in addition to low-` TE and EE likelihoods from WMAP9.
Also included are high-` TT likelihoods using 3 years of data from the Atacama Cosmology

– 5 –

• For     > 1, the photon visibility function broadens. Photons 
last scatter over a longer period of time. This damps 
anisotropy on scales smaller than the photon mean free 
path. 

�G
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Analysis Method

• Markov Chain Monte Carlo (MCMC) using the publicly 
available MontePython code (written to work with CLASS) 

• For a given point in parameter space    , compute 
observables using our modified CLASS code 

✓i

• Obtain            using the package provided by the Planck 
collaboration which compares the output of the CLASS 
computation to the data

L(D|✓i)

Analysis Method

Markov Chain Monte Carlo (MCMC) using the publicly available
MontePython code (written to work with CLASS).

For a given point in parameter space ✓i, compute observables using
our modified CLASS code.

Obtain L(D|✓i) using the package provided by the Planck
collaboration which compares the output of the CLASS computation
to the data.

P (✓i|D) =

L(D|✓i)⇡(✓i)R L(D|✓i)d✓
1

..d✓N
(1)

Jordi Salvado Slide 28

Analysis Method

Markov Chain Monte Carlo (MCMC) using the publicly available
MontePython code (written to work with CLASS).

For a given point in parameter space ✓i, compute observables using
our modified CLASS code.

Obtain L(D|✓i) using the package provided by the Planck
collaboration which compares the output of the CLASS computation
to the data.

P (✓i|D) =

L(D|✓i)⇡(✓i)R L(D|✓i)d✓
1

..d✓N
(1)

Jordi Salvado Slide 28
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Posterior Probability for the ParametersPosterior Probability for the Parameters
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Posterior Probability for the Parameters

spectral index is to be expected since varying �G either delays or hastens recombination,
which damps or enhances small angular scale oscillations.
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Figure 3. 68% and 95% likelihood contour plots on the ns��G plane using the
Planck+ACT/SPT+Lensing+BAO+HST dataset.

We show the constraints on �G from different combinations of datasets in Table 2.
Comparing constraints from different groups, one can see that they are consistent among
each other. All of them have the central values to be above unity at a slightly over one sigma
confidence level. The datasets of Planck+ACT/SPT with more data at high-` provides a
strong constraint with the relative error of ⇠ 2.4% on �G. So, we report the cosmological
measurement of Newton’s gravitational constant using the combination of Planck, ACT/SPT,
Lensing, BAO, HST and BBN as
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which has a relative error of 3.7%. This cosmologically measured value is roughly consistent
with the CODATA and has a 2.2� tension.
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each other. All of them have the central values to be above unity at a slightly over one sigma
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A relative error of 3.7%
Different from CODATA at 2.2 sigma

(2013)

Will update the analysis once Planck 2015 data is public
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Does dark matter have the same 
gravitational interaction strength as 
ordinary matter?
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Breaking of Weak Equivalence Principle

• The equivalence principle is the 
principal assumption on which 
general relativity has been built

• Weak equivalence principle is to 
check whether:

mgrav. = minertial
?

• One introduces a long-range fifth 
force to change the effective 
gravitational potential/force

V (r) = �GNm1m2

r

�
1 + ↵fe

�m�r
�



20

Breaking of WEP for Baryons 

4

by a solar or sidereal frequency:

∆aN= cos θ
(

− ∆a cos (φ − φ0) − ∆ã sin (φ − φ0)
)

+oN ,

∆aW= cos θ
(

∆a sin (φ − φ0) − ∆ã cos (φ − φ0)
)

+oW ,

with θ and φ being the altitude and azimuth of the astro-
nomical source, ∆a the differential acceleration towards
the source and ∆ã its quadrature component; oN and
oW are possible instrument offsets. Figure 4 shows the
averaged ∆aN and ∆aW versus sidereal time. A simul-
taneous fit of ∆aN and ∆aW towards the galactic center
yields

a(Be) − a(T i) = ∆a = (−2.1 ± 3.1) × 10−15 m/s2 ,

ã(Be) − ã(T i) = ∆ã = (2.7 ± 3.1) × 10−15 m/s2.

Since only about a quarter of the total acceleration of the
solar system towards the center of our galaxy is caused
by galactic dark matter [10], we find ηDM,Be−Ti = (−4±
7) × 10−5.

With 95% confidence we constrain space-fixed differ-
ential accelerations in any direction to be smaller than
∆a = 8.8 × 10−15 m/s2.

FIG. 3: New upper limits on Yukawa interactions coupled to
baryon number with 95% confidence. The uncertainties in
the source integration is not included in this plot. The num-
bers indicate references. The shaded region is experimentally
excluded. Preliminary models for 10 km < λ < 1000 km
indicate that the limit on α is smaller than the dashed line.

We have substantially improved the limits on the
strength of an equivalence-principle violating, long-range
interaction. We are currently broadening our search by
using other test-body materials and improving the sensi-
tivity of our torsion balance.

This work was supported by NSF Grants PHY0355012,
PHY0653863 and by NASA Grant NNC04GB03G, and
DOE funding for the CENPA laboratory. Blayne Heckel,
Stephen Merkowitz, Erik Swanson, Phil Williams, Ulrich

FIG. 4: The averaged differential acceleration of Be and
Ti towards North and West as a function of sidereal time.
The dashed line represents a hypothetical signal of 20 ×

10−15 m/s2. The solid line is the best fit toward the galactic
center (∆a = (−2.1 ± 3.1) × 10−15 m/s2).

Schmidt, Tom Butler and Chris Spitzer have contributed
to the apparatus development.
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Figure 5: 95%-confidence-level constraints on ISL-violating Yukawa interactions

with 1 µm < λ < 1 cm. The heavy curves give experimental upper limits (the

Lamoreaux constraint was computed in Reference (151)). Theoretical expecta-

tions for extra dimensions (56), moduli (101), dilaton (102), and radion (83) are

shown as well.

a review, Adelberger, Heckel, Nelson
hep-ph/0307284 Schlamminger, et. al., arxiv:0712.0607

constraints on the fifth force of ordinary matter are very 
stringent at the cosmological scales
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Breaking of WEP for Dark Matter 

Kesden and Kamionkowski, astro-ph/0606566

2

lite has a mass msat and radius rsat which fill its tidal
radius rtid. When the satellite is much less massive than
the host galaxy, msat/MR ≪ 1, a distinct hierarchy,

Eorb ≫ Etid ≫ Ebin, (5)

exists in these three energy scales, implying that the dis-
rupted stars and satellite will trace similar orbits in the
host galaxy’s potential regardless of the details of tidal
disruption or the satellite’s internal structure. The dis-
rupted stars will act like purely baryonic test particles,
while the satellite itself behaves largely like a DM test
particle, if it is DM dominated.

Fortunately, the Sagittarius (Sgr) dwarf galaxy, the
Milky Way’s closest satellite at a Galactocentric dis-
tance of only 16 kpc, is nearly ideal for our purposes.
The Sgr dwarf has extended leading and trailing tidal
streams observed by the Two-Micron All Sky Survey
(2MASS) [21] and the Sloan Digital Sky Survey (SDSS)
[22]. Using a sample of over 1,000 M-giant stars with a
known color-magnitude relation, the 2MASS collabora-
tion have measured not just surface brightnesses along
the streams, but distances and spectroscopic velocities
as well [23]. Comparing these observations to simula-
tions has led to estimates of the mass of the Sgr dwarf of
MSgr = (2−5)×108M⊙, mass-to-light ratio MSgr/LSgr =
14−36 M⊙/L⊙, and Sgr orbit with pericenter 10–19 kpc,
apocenter 56–59 kpc, and period 0.85–0.87 Gyr [24]. The
large mass-to-light ratio suggests that the Sgr dwarf is
indeed DM dominated and therefore a suitable place to
search for DM forces.

To study more carefully the effects of EP violation on
tidal disruption, we performed our own simulations of the
tidal disruption of a satellite with a mass (5 × 108M⊙),
mass-to-light ratio (40M⊙/L⊙), and orbit (pericenter 14
kpc, apocenter 59 kpc) similar to that of the Sgr dwarf.
We could not compare our simulations directly with those
of Ref. [24], as we performed N -body simulations of a
Navarro-Frenk-White (NFW) profile for our Milky Way
halos, and they used a static logarithmic potential. An
active halo allows for dynamical friction over the course of
the simulation and possible backreaction on the halo due
to the DM force. While we did not attempt to reproduce
the detailed features of the Sgr tidal streams, our simula-
tions are sufficient to demonstrate that even a small DM
force could have significant observational consequences.
The initial conditions for our simulations were produced
using GALACTICS [25], which makes use of phase-space
distribution functions (DFs) that are analytic in the or-
bital energy and angular momentum. By Jeans’ theo-
rem, these DFs are equilibrium solutions to the collision-
less Boltzmann equations [26], and they can be combined
to produce realistic and stable models of the composite
Milky Way bulge-disk-halo system [25]. We used the two
Milky Way models of Ref. [25] that best fit observational
constraints, including the Galactic rotation curve and lo-
cal velocity ellipsoid. The simulations were evolved using

FIG. 1: Simulations of the tidal disruption of a satellite galaxy
in the presence of a dark-matter force. The charge-to-mass
ratio β increases from 0.0 in increments of 0.1 going counter-
clockwise from the bottom left. The Galactic disk is in black.
Sgr stars are shown in red (dark grey) while the Sgr dark mat-
ter is blue (light grey). The tidal streams are projected onto
the orbital plane. Orbits are counterclockwise; the upper left
figure shows that for β = 0.3 (a dark-matter force 9% the
strength of gravity) stars are almost absent from the leading
stream (at 12 o’clock with respect to the Galactic center). X’s
denote the location of the bound Sgr core.

a modified version of the N -body code GADGET-2 [27].
A more detailed description of our simulations are pro-
vided in Ref. [28].

Four simulations of tidal disruption are depicted in
Fig. 1, with DM forces given by Eq. (1) with different
values of the charge-to-mass ratio β. The scalar field is
assumed massless (mφ = 0), so the DM force is a true
inverse square law. The ratio β increases from 0.0 at
bottom left to 0.3 at top left as one proceeds counter-
clockwise. The simulations begin with the satellite at
apocenter 59 kpc from the Galactic center and last for
2.4 Gyr (almost three full orbits). The tangential veloc-
ities are adjusted so that all orbits are projected to have
a pericenter of 14 kpc. The orbits are counterclockwise
in the x-z plane, so that the edge of the leading stream
appears at 12 o’clock with respect to the Galactic center
in Fig. 1, while the edge of the trailing stream is at about
10 o’clock. The Sgr dwarf is modelled with a truncated
NFW profile for both stars and DM, in keeping with the
simulations of Ref. [24], where it was concluded that ob-
servations could not yet determine distinct profiles for
the two components. Thus, the stars shown in red (dark
grey) in the bottom left panel are simply a downsampling
of the DM distribution illustrated in blue (light grey).

As the DM force increases in strength, the leading

• The tidal disruption of the 
Sagittarius dwarf galaxy 
orbiting the Milky way

• This constraints additional 
dark matter force weaker 
than 10% of gravity

• N-body simulation using 
GADGET

↵f = �2
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Long-range Force only for Dark Matter

Hill and Ross, PLB 203 (1988), 125

Data �G
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+0.024
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+0.025
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Planck+ACT/SPT+Lensing+BAO+HST 1.038

+0.022

�0.023

Planck+ACT/SPT+Lensing+BAO+HST+BBN 1.043

+0.019

�0.019

Table 2. Cosmological measurement of �G (with one-sigma errors) from different combinations of
data.

3 Scalar-mediated Long-range Dark Matter Force

The conservative way to differentiate the long-range forces among dark matter and ordinary
matter is to introduce an ultra light scalar mediator, which only couples to dark matter
particles. There is existing literature on constraining additional Yukawa-like interactions for
dark matter [12–16]. Following the notation in Ref. [12], the interaction Lagrangian for the
dark matter and the scalar mediator is

L � 1

2

@µ�@µ� � 1

2

m2

��
2

+ �̄i�µ@µ� �
✓

1 +

�

f

◆
m� �̄� . (3.1)

Here, the ultra-light pseudo Nambu-Goldstone boson � could be associated with spontaneous
breaking of some global symmetry at the scale 4⇡f [32]. In principle, more complicated terms
could enter the � potential V (�). For our later purpose, the � field value is small such that
only the leading mass term in the potential is important. For simplicity, we assume that �
does not couple to the ordinary matter.

Mediated by the new light scalar field, two dark matter particles with masses mD1 and
mD2 have the following static potential
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Here, ⇢ is the total energy density and ⇢c is the cold dark matter energy density. The
homogenous scalar � = �(⌧) has the following equation of motion
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� � = � 1

f
⇢c a2 . (3.4)

– 8 –

• The ultra-light scalar field could be a Pseudo-Nambu 
Goldstone Boson to mediate the macroscopic forces

• Only dark matter feels the additional force

↵f ⌘ M2
pl

f2

• The Friedmann equation is modified: 
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V (r) = �GNmD1mD2
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Conditions to Ignore the Scalar Background
• For an ultra-light scalar satisfying: 

3.1 Conditions to Ignore the � Background

To simplify our discussion for constraining the dark matter fifth force, we will work in the
parameter space where we can ignore the � contribution to the background evolution (i.e.,
the Friedmann equation). For an ultra-light light scalar satisfying
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�
+ 2H

˙�

�

!
, (3.5)

The solution to the equation of motion in Eq. (3.4) is

˙� = �3
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Z
da
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c
1

a2

, (3.6)

where c
1

is an integration constant and H
0

and ⌦

0

c are the Hubble parameter and dark matter
density at the current time, respectively. Starting from a radiation-dominated universe with
H2

= H2

0

⌦

0

R a�2, we have the following solutions (for a particular choice of initial conditions)
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M
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M
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a , (3.7)
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In the matter dominated region with H2

= H2

0

⌦

0

M a�1, we find the following solutions
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�
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M
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1
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◆
. (3.10)

The two integration constants CM
1

and CM
2

can be determined by requiring both � and ˙� to
be continuous functions: �R(a

eq

) = �M (a
eq

) and ˙�R(a
eq

) =

˙�M (a
eq

). The equality of matter
and radiation happens at a

eq

⇡ 1/3600, which determines the integration constants

CM
1

= � 1

4

a3/2
eq

⇡ �1.16 ⇥ 10

�6 , CM
2

=

7

12

� ln a
eq

⇡ 8.77 . (3.11)

To ignore the � background contributions to the Hubble parameter in Eq. (3.3), we
need to have all three �-related terms to be suppressed. It turns out that the requirement,
� ⇢c/f < ⇢, in the matter-dominated era provides the most stringent bound and requires

f �
q

2 CM
2

M
Pl

⇡ 4.2 M
Pl

, or ↵f ⌧ 0.06 . (3.12)

The bound on the scalar mass from Eq. (3.5) can be simplified to be

m�

H
0

⌧
s

⌦

0

M

CM
2

⇡ 0.2 , (3.13)

or m� ⌧ O(10

�34 eV). In the following numerical analysis, we will stay in the parameter
space satisfying Eq. (3.12) and Eq. (3.13).
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Data �G

Planck 1.062

+0.031

�0.031

Planck+Lensing+BAO 1.041

+0.024

�0.027

Planck+Lensing+BAO+HST 1.046

+0.026

�0.027

Planck+Lensing+BAO+BBN 1.046

+0.021

�0.021

Planck+ACT/SPT 1.046

+0.025

�0.028

Planck+ACT/SPT+Lensing+BAO+HST 1.038

+0.022

�0.023

Planck+ACT/SPT+Lensing+BAO+HST+BBN 1.043

+0.019

�0.019

Table 2. Cosmological measurement of �G (with one-sigma errors) from different combinations of
data.

3 Scalar-mediated Long-range Dark Matter Force

The conservative way to differentiate the long-range forces among dark matter and ordinary
matter is to introduce an ultra light scalar mediator, which only couples to dark matter
particles. There is existing literature on constraining additional Yukawa-like interactions for
dark matter [12–16]. Following the notation in Ref. [12], the interaction Lagrangian for the
dark matter and the scalar mediator is

L � 1

2

@µ�@µ� � 1

2

m2

��
2

+ �̄i�µ@µ� �
✓

1 +

�

f

◆
m� �̄� . (3.1)

Here, the ultra-light pseudo Nambu-Goldstone boson � could be associated with spontaneous
breaking of some global symmetry at the scale 4⇡f [32]. In principle, more complicated terms
could enter the � potential V (�). For our later purpose, the � field value is small such that
only the leading mass term in the potential is important. For simplicity, we assume that �
does not couple to the ordinary matter.

Mediated by the new light scalar field, two dark matter particles with masses mD1 and
mD2 have the following static potential

V (r) = �GNmD1mD2

r

⇥
1 + ↵f e�m� r

⇤
, (3.2)

where ↵f ⌘ M2

pl

/f2 and M
pl

⌘ 1/
p

8⇡GN ⇡ 2.4 ⇥ 10

18 GeV is the reduced Planck scale.
The light scalar field can also contribute to the energy-momentum tensor and therefore

can modify the Friedmann equation

H2

=

✓
ȧ

a

◆
2

=

8⇡

3

a2 GN

"
⇢ +

�

f
⇢c +

1

2

˙�2

a2

+ V (�)

#
. (3.3)

Here, ⇢ is the total energy density and ⇢c is the cold dark matter energy density. The
homogenous scalar � = �(⌧) has the following equation of motion

¨� + 2 H ˙� + a2 m2

� � = � 1

f
⇢c a2 . (3.4)
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• Requiring << ⇢̄

• We can ignore the    particle contribution to the 
background evolution for

�

f � 4Mpl or ↵f ⌧ 0.06

m� ⌧ 0.2H0 ⇡ 10�34 eV
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Linear Perturbation Equations 
• Dark matter can source scalar field

3.2 Linear Perturbation Equations

To derive the linear perturbation equations, we expand the scalar field into

�(x, ⌧) = �
0

(⌧) + '(x, ⌧) , (3.14)

with �
0

(⌧) as the background field and '(x, ⌧) as the first order perturbation function. Per-
turbing the � equation of motion, we arrive at the following equation for the ' evolution [13]

'̈ + 2 H '̇ + (k2

+ a2m2

�)' = �1

2

˙h ˙�
0

� 1

f
⇢c �c a2 . (3.15)

Here, the function h(k, ⌧) is the scalar metric perturbation in the synchronous gauge [21]. The
new second-order differential equation in Eq. (3.15) requires two initial conditions for the '
field. Deep in the radiation epoch, keeping the leading terms in powers of a and neglecting
k2 and m2

� terms, we have (d/d⌧)(a2'̇) = �1

2

˙h ˙�
0

a2. Using the scaling solutions of h / ⌧2

and a / ⌧ and noticing that ˙�
0

is a constant from Eq. (3.8), we have the following initial
conditions

' = � 1

12

h ˙�
0

⌧ , '̇ = �1

4

h ˙�
0

. (3.16)

The first-order perturbed Einstein equations are

k2 ⌘ � 1

2

H ˙h = 4⇡GN a2 �T 0

0

, (3.17)

k2 ⌘̇ = 4⇡GN a2 iki�T 0

i , (3.18)
¨h + 2 H ˙h � 2k2⌘ = �8⇡GN a2 �T i

i , (3.19)

¨h + 6⌘̈ + 2 H (

˙h + 6⌘̇) � 2k2 ⌘ = 24⇡GN a2

(

ˆkiˆkj � 1

3

�ij)(T
i
j � �ijT

k
k/3) . (3.20)

The new contributions to the energy momentum tensor from the scalar field are calculated
to be

�T 0

0

(�) = �⇢c
f

[' + �
0

�c] � '̇ ˙�
0

a2

� m2

� �
0

' , (3.21)

iki�T 0

i(�) = � 1

a2

˙�
0

k2' , (3.22)

�T i
i(�) =

3

a2

˙�
0

'̇ � 3 m2

� �
0

' , (3.23)

which agree with the formulas in Ref. [13]. The dark matter density perturbation still obeys
˙�c = �1

2

˙h, simply from the conservation of energy-momentum. Since the field �
0

and '
change the values of h through the Einstein equations, the dark matter density perturbation
is affected by �

0

in this indirect way.

3.3 Constraints on ↵f ⌘ M2

pl

/f2

Because of our choice of initial conditions for the scalar mediator evolution, the main con-
straints on the strength of the fifth force come from the perturbation part rather than the
background evolution. The CMB temperature anisotropy turns out to provide the most strin-
gent constraint. As already mentioned in Ref. [33, 34], the additional long-range attractive
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• The scalar field modified the gravitational potential

3.2 Linear Perturbation Equations
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with �
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straints on the strength of the fifth force come from the perturbation part rather than the
background evolution. The CMB temperature anisotropy turns out to provide the most strin-
gent constraint. As already mentioned in Ref. [33, 34], the additional long-range attractive
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• In synchronous gauge:

3.2 Linear Perturbation Equations
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• Dark matter density perturbation is affected by the scalar 
field

• The main effect is the late time variation of the gravitational 
potential or integrated Sachs-Wolfe (ISW), which mainly 
changes the power for low multipole moments
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Change of Gravitational Potential 

force among dark matter particles can introduce the late time variation of the gravitational
potential. The ISW effect acts to increase the power for low multipoles. To confirm this
observation, we show the conformal time-derivative of the gravitational potential in the left
panel of Fig. 4. Since the universe is expanding, the magnitude of the potential is decaying in
time and as such the derivative is negative. Comparing to the ordinary cosmology with ↵f = 0

and from Fig. 4, one can see that increasing the value of ↵f leads to a larger gravitational
potential and a more dramatic ISW effect.
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Figure 4. Left panel: the derivative of the gauge-invariant scalar metric perturbation as a function
of multipole moments, `, for different values of the fifth force strength ↵f and at the current time.
Right panel: the CMB TT power spectra in ` for different values of ↵f and m�. The curves for
m�/H0 = 0 and m�/H0 = 0.5 are overlapping each other. Also shown here is the Planck three year
data points for `  50 [27].

In the right panel of Fig. 4, we show the CMB temperature anisotropies in terms of the
multipole moments. Since the ISW effect mainly affects the small ` region, increasing the
value of ↵f leads to a larger power spectrum. Within the validity of our approximation of
ignoring the scalar field contribution to the background evolution, the difference between a
massless m�/H

0

= 0 and a small mass such as m�/H
0

= 0.5 is negligible. So, we do not
anticipate that the CMB temperature anisotropies can constrain m� in the regime where the
approximation condition in Eq. (3.13) is satisfied.

Figure 5. The constraints on the fifth force strength ↵f and the mediator mass m� from the
Planck+Lensing data.
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A larger value of     leads to a larger gravitational potential 
and a more dramatic ISW effect     

↵f
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Effect for CMB Power Spectrum

force among dark matter particles can introduce the late time variation of the gravitational
potential. The ISW effect acts to increase the power for low multipoles. To confirm this
observation, we show the conformal time-derivative of the gravitational potential in the left
panel of Fig. 4. Since the universe is expanding, the magnitude of the potential is decaying in
time and as such the derivative is negative. Comparing to the ordinary cosmology with ↵f = 0

and from Fig. 4, one can see that increasing the value of ↵f leads to a larger gravitational
potential and a more dramatic ISW effect.
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Figure 4. Left panel: the derivative of the gauge-invariant scalar metric perturbation as a function
of multipole moments, `, for different values of the fifth force strength ↵f and at the current time.
Right panel: the CMB TT power spectra in ` for different values of ↵f and m�. The curves for
m�/H0 = 0 and m�/H0 = 0.5 are overlapping each other. Also shown here is the Planck three year
data points for `  50 [27].

In the right panel of Fig. 4, we show the CMB temperature anisotropies in terms of the
multipole moments. Since the ISW effect mainly affects the small ` region, increasing the
value of ↵f leads to a larger power spectrum. Within the validity of our approximation of
ignoring the scalar field contribution to the background evolution, the difference between a
massless m�/H

0

= 0 and a small mass such as m�/H
0

= 0.5 is negligible. So, we do not
anticipate that the CMB temperature anisotropies can constrain m� in the regime where the
approximation condition in Eq. (3.13) is satisfied.

Figure 5. The constraints on the fifth force strength ↵f and the mediator mass m� from the
Planck+Lensing data.
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force among dark matter particles can introduce the late time variation of the gravitational
potential. The ISW effect acts to increase the power for low multipoles. To confirm this
observation, we show the conformal time-derivative of the gravitational potential in the left
panel of Fig. 4. Since the universe is expanding, the magnitude of the potential is decaying in
time and as such the derivative is negative. Comparing to the ordinary cosmology with ↵f = 0

and from Fig. 4, one can see that increasing the value of ↵f leads to a larger gravitational
potential and a more dramatic ISW effect.
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In Fig. 5 and using the data from Planck+Lensing, we show the cosmological constraints
on the fifth force strength and the mediator mass. One can see that the data is insensitive to
the mediator mass, but does provide a stringent bound on the fifth force strength as

↵f ⌘ M2

pl

/f2  1.62 ⇥ 10

�4

(95% C.L.) . (3.24)

Compared to the results in Ref. [16], which used the WMAP 5-year data [35], our results using
the Planck data show a dramatic improvement on constraining an additional long-range force
among dark matter.

4 Dark Matter Weak Equivalence Principle: Two-Fluid Description

In this section, we use cosmological data to constrain the difference between inertial and
gravitational mass for the dark matter. This immediately requires a violation of WEP. For
baryonic matter, modern torsion-balance experiments report that the difference between iner-
tial and gravitational masses is zero at the 10

�13 level [11] (see also [1, 36]). Thus, violations
of the WEP in the visible sector are tightly constrained. Therefore, in this section we consider
a violation of the WEP in the dark matter sector only. We introduce a new parameter �D

such that the ratio of dark matter gravitational to inertial mass is given by �D = mgrav

D /mD

with mD as the inertial mass. For baryonic particles, the gravitational mass is assumed to
be the same as the inertial mass. For two baryonic particles b

1

and b
2

and two dark matter
particles D

1

and D
2

, the gravitational forces in terms of the particle inertial masses are

Fb1,b2 = �GNmb1mb2

r2

, Fbi,Dj = ��D

GNmbimDj

r2

, FD1,D2 = ��2

D

GNmD1mD2

r2

. (4.1)

There is a simple relation, Fb1,b2FD1,D2 = Fb1,D1Fb2,D2 , which does not hold in section 3 where
there is no “fifth force” between one dark matter and one baryonic particles.

As pointed out in the textbook [17], one can derive parts of the Friedmann and linear
perturbation equations of cosmology using a post-Newtonian description. The Friedmann
equation can be derived by considering a sphere filled with a homogenous and isotropic mat-
ter density distribution and studying the radius change as a function of time. For pressureless
matter, one can use the continuity and Euler equations of fluid mechanics to match to the
energy-momentum conservation equations from general relativity. In our case with differ-
ent Newtonian forces for dark and ordinary matter, we use this post-Newtonian language
to motivate modifications to the cosmological background and linear perturbation equations.
Following the same approach as Ref. [17] takes with a single scale factor for all matter, we
derive two coupled “Friedmann equations” which govern the expansion of dark and ordinary
matter as two coupled fluids, each with their own scale factor. We would like to note that we
are using this post-Newtonian, non-relativistic description in order to motivate a phenomeno-
logical parameterization of dark matter WEP breaking, since true WEP breaking is unlikely
to be realized within the framework of general relativity. A full, generally covariant model
that may encode these deviations is beyond the scope of this work.

The classical picture for our two-fluid description is two expanding spheres with the
centers located at the same point. The mass densities, ⇢b and ⇢D, for both fluids are assumed
to be uniform inside the spheres. For a probing baryonic matter particle with mass mb on
the surface of a sphere with radius rb, its motion is governed by the amount of baryon and
dark matter inside the rb radius sphere

mb
d2rb
dt2

= �GN mb Mb(rb)

r2

b

� �D
GN mb MD(rb)

r2

b

, (4.2)
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Caveat and Other Approach
• The previous fifth-force discussion is still in the general 

relativity frame, which equivalence principe is embedded

• The fifth-force can only mimic the potential breaking of 
WEP

• The real sign of WEP breaking is that gravitational mass is 
not equal to the inertial mass

�D = mgrav
D /minertial

D 6= 1

• Consequently, we have different gravitational forces among 
two matter particles and two dark matter particles
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Two-Fluid Description
• Two expanding spheres with the same center; one can 

check the probing matter or dark matter radius changes

In Fig. 5 and using the data from Planck+Lensing, we show the cosmological constraints
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where Mb(r) ⌘ 4⇡r3⇢b/3 and MD(r) ⌘ 4⇡r3⇢D/3. Here, to describe the particle motion, all
masses mb, Mb and MD are inertial masses. Similarly, for a probing dark matter particle with
mass mD and at a radius rD, one has the equation of motion to be

mD
d2rD
dt2

= ��D
GN mD Mb(rD)

r2

D

� �2

D

GN mD MD(rD)

r2

D

. (4.3)

In general, the two radius functions in time rb(t) and rD(t) could be independent of each
other. So, to match to the Friedmann equations, we need to introduce two scale factors, a(t)
and aD(t), for baryonic matter and dark matter, respectively.

Requiring the radii proportional to the scale factors, we have rb(t) = r0

ba(t)/a0 and
rD(t) = r0

DaD(t)/a0

D. We then rewrite Eqs. (4.2)(4.3) as

1

a

d2a

dt2
= �4⇡GN

3

⇥
⇢b(a) + �D ⇢D(aD)

⇤
,

1

aD

d2aD
dt2

= �4⇡GN

3

⇥
�D ⇢b(a) + �2

D ⇢D(aD)

⇤
.

(4.4)
Here, the densities are diluted with the expansion of the sphere and are ⇢b = ⇢0

b [a
0/a(t)]3

and ⇢D = ⇢0

D[a0

D/aD(t)]3. The equations in Eq. (4.4) describe the acceleration of baryonic
and dark matter particles, when the dark matter sector violates the WEP. The power of �D

corresponds to the number of dark matter masses present in the interaction, e.g. a dark matter
particle moving in response to a baryonic source receives one power of �D. We see that in the
limit where the WEP is restored (�D ! 1), both equations reduce to the usual Friedmann
equation as expected. Extending the above analysis to include the radiation energy density
⌦R and dark energy density ⌦

⇤

by assuming they couple to gravity in the same way as the
baryons, we have our final Friedmann equations

1

a

d2a

dt2
= �

eH2
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
⌦b

a3
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2⌦R

a4
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Here, we introduce the parameter eH
0

to draw a distinction from the ordinary Hubble constant,
H

0

=

1

a
da
dt |today

, at the current universe. For �D = 1 with a single scale factor, we have
eH

0

= H
0

. For the ordinary ⇤CDM cosmology with a flat universe, the dark energy density
is not an independent parameter and is given by ⌦

⇤

= 1 � ⌦b � ⌦R � ⌦D. For our case with
two scale factors, we will keep ⌦

⇤

as a free parameter.
Compared to ordinary cosmology with a single scale factor, we have one additional

second-order differential equation, which requires two more initial conditions. A simple way
to fix the dark matter scale factor initial conditions is to have aD = a and da/dt = daD/dt
at some time a = a

init

. We assume that the dark WEP breaking is turned on at this time,
parametrized by zT = a�1

init

� 1. Physically, this transition redshift zT corresponds to a scale
where some interaction coupling dark matter to the Standard Model falls out of equilibrium.
Before the transition redshift zT , everything evolves as a one-component fluid described by
a single scale factor a. After zT , the dark matter decouples from the other components and
evolves as a separate fluid according to a dark scale factor aD.

Using the measured cosmological parameters from Planck [7], we show the behaviors of
the two scale factors as a function of time in Fig. 6. In this plot, we choose a

init

= 10

�6

and use the equations of ordinary cosmology to calculate da/dt at the time corresponding to
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• Requiring the radii proportional to the scale factors
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where Mb(r) ⌘ 4⇡r3⇢b/3 and MD(r) ⌘ 4⇡r3⇢D/3. Here, to describe the particle motion, all
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• In the limit of            , back to the normal case�D = 1



30

Two-Fluid Description
• We add in the other species by assuming they couple to 

gravity in the same way as the baryons 
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at a dark WEP break turning time: 
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• I will skip here the modified first order equations
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Evolution of the Scale Factors

Figure 6. The ordinary matter and dark matter scale factors as a function of time. The cyan and
dotted line is for ordinary cosmology with �D = 1. The two green five-stars correspond to the time
with the current observed Hubble constant.

a
init

= 10

�6. We then treat this as the initial condition to solve the coupled equations in
Eqs. (4.5)(4.6) for two different �D = 1 � 0.1 and 1 + 10

�5. As can be seen from Fig. 6 and
for the �D < 1 case (red and black lines), both scale factors increase faster than the standard
cosmology with �D = 1. The dark matter scale factor increases faster than the ordinary
matter one. This is due to the fact that less matter leads to an open universe and the
effective matter for the aD equation of motion is smaller than the one for a. For the �D > 1

case, a closed universe will be obtained even before one obtains the current measured Hubble
constant. Therefore, we generically anticipate more stringent constraints for the �D > 1 case
than the �D < 1 case. For a larger value of a

init

or a smaller value of zT , the difference
between the new scale factor and the standard one become smaller. This is simply because
the dark matter fluid has less time to evolve decoupled from the baryonic matter fluid.

4.1 Dependence of CMB Anisotropy on �D

So far we have only motivated modifications to the background evolution equations. To
motivate modifications to the linear perturbation equations for the dark matter fluid, we will
work in the baryon co-moving frame and define the conformal time using the ordinary baryon
scale factor dt = a(⌧)d⌧ . The linear perturbation equations for ordinary baryons stay the
same. The linear perturbations for the dark matter fluid receive the following modifications
(see Appendix A for a detailed explanation)

˙�D + (H � HD) (3 + k @k) �D = 3 � ˙�� ✓D , (4.7)
˙✓D + H ✓D + 2 (H � HD) (1 + k @k) ✓D = k2 � , (4.8)

in the conformal Newtonian gauge. We follow the notation used in Ref. [21] with dots indicat-
ing conformal time derivatives and �D ⌘ (⇢D�⇢0

D)/⇢0

D and ✓D ⌘ r ·�vD. Here, H ⌘ 1

a
da
d⌧ and

HD ⌘ 1

a
daD
d⌧ . Because the dark matter co-moving frame is not identical to the baryon one,

additional bias terms proportional to (H � HD) enter the above equations. The perturbed
Poisson equation, in the baryon co-moving frame, is also modified as

k2 ��+ 3H (� ˙�+ H � ) = �4⇡GN a2

⇥
�⇢ + (�D � 1) ⇢0

D �D
⇤

. (4.9)
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the Universe is not flat with dark WEP breaking
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Changes on the CMB Power Spectrum

We implement these modifications in the CLASS code [24, 25] and show the effects of
dark matter WEP breaking on the CMB power spectra in Fig. 7. For these plots, we fix
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Figure 7. The effect of varying ⌘D ⌘ �D � 1 on the TT, EE, and TE power spectra for a transition
redshift of zT = 10

5 � 1.

the transition redshift to be zT = 10

5 � 1. For even a small deviation of �D from one (or
a tiny ⌘D ⌘ �D � 1), dark matter WEP breaking has visible effects on the CMB power
spectra. From Fig. 7, one can see that the main effect is to shift the location of peaks and
troughs without changing the height of the peaks. This effect has some similarity to the effects
from varying ⌦

⇤

, except that the latter also changes the peak heights due to the late-time
integrated Sachs-Wolfe (ISW) effect [37].

4.2 Constraints on �D and zT

Fig. 8 shows the constraint on the parameter ⌘D = �D � 1. We see that the constraint on
⌘D becomes much stronger when the fluids decouple at high redshift (i.e., an earlier time).
This is expected because the Friedmann equation is very sensitive to changes in the initial
conditions. At high redshift, if �D is not extremely close to one, an extraordinary amount of
fine tuning is required to produce the observed universe. In the right panel, where we have
fixed zT = 10

5�1, we show the two-dimensional contour in ⌘D and the current expansion rate
H

0

. The Planck three year measurement of H
0

= (67.3 ± 1.3) km s�1 Mpc�1 [27], has some
tension with the HST measurement of H

0

= (74.8 ± 3.1) km s�1 Mpc�1 [28]. As one can see,
by allowing a non-zero value of ⌘D, one can resolve the tension between these measurements
in this dark matter WEP breaking framework.
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Figure 8. Left panel: 68% and 95% likelihood contours in the ⌘D = �D � 1 and zT plane. Right
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be a large value to provide a stringent constraint. Both plots use the dataset of Planck+Lensing+HST.

5 Discussion and Conclusions

In this paper we have updated the constraint on Newton’s gravitational constant G for all
matter using the latest available cosmological data. We found a tension with the CODATA
standard value for the gravitational constant which is independent of the specific combination
of experimental data used in our analysis. The most stringent cosmological constraint on G
comes from the combined dataset of Planck+ACT/SPT+Lensing+BAO+HST+BBN, and
this result has a tension with the CODATA value at a significance of 2.2�. More insight on
this discrepancy will come soon with the release of the 2015 Planck data [8]. If the best fit
for G still tends high, this may be a hint for a new physics in cosmology and the need to go
beyond the ⇤CDM standard cosmological model.

We also considered a traditional fifth force model to mimic the effect of equivalence
principle breaking in the dark matter sector. In this type of model, the interaction between
two dark matter particles is modified by the presence of an ultra light scalar, which mediates
a long range attractive force. The main observable effect of this fifth force is to slow the decay
of the gravitational potential at late times due to the expansion of the universe, adding power
at low-` through the Integrated Sachs-Wolfe effect. Using the 2013 Planck data to constrain
this effect, we found that the coupling strength of this fifth force relative to the gravitational
force must be less than 10

�4. This constraint is independent of the mediator mass for the
region of parameter space which does not modify the cosmological background evolution.

Finally, we considered true WEP principle breaking in the dark matter sector (i.e., an
explicit difference between dark matter gravitational and inertial mass). General relativity,
being a geometrical theory, encodes this equivalence by construction. As such, to break
the WEP in the dark matter sector we follow a phenomenological approach, motivating the
modifications to the cosmological equations from post-Newtonian and non-relativistic fluid
dynamics where this principle can be easily broken. Providing a fully consistent theory
that encodes this phenomenology is beyond the scope of this work. The main thing to be
learned here is that such modifications drastically modify the evolution of the cosmological
background. The observable effect, even for extremely small degrees of WEP breaking, is to
cause a visible, dark energy like shift the location of the peaks in the CMB power spectrum.
Within the framework of this phenomenological model, we found that the ratio of the dark
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Conclusions
★ The cosmological measurement of the Newton’s 

constant for all matter is at 3% precision level and 
differs by ~ 2 sigma from the lab-based values

★ Additional fifth force for dark matter particles is 
constrained to be weaker than        of the 
gravitational force  

★ We introduce a post-Newtonian two-fluid description 
to explicitly break the WEP by introducing a difference 
between dark matter inertial and gravitational masses

10�4

★ The ratio of the dark matter gravitational mass to 
inertial mass is constrained to be unity at the       level 10�6
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