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Gravity only pulls 
Something is pushing the expansion 

The biggest mystery in modern physics!
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3 pillars of science

2011 Nobel Prize in Physics

Phases of cosmic expansion
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direct evidence

Lensing → b(k)

 primord. NG

QED coupling (α)
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direct detection
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important observables at each intersection

3 pillars of science (theory)
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HSC 
cosmic 
shear

PFS galactic 
archaeology

PBH limits 
on Subaru

Simons 
Array 

completed

PFS 
construction

frequency 
comb R&D

PFS construction at full steam with 2022 start! 
LiteBIRD approved by JAX for 2027 launch!



X00: organization 
Murayama (IPMU)

C01: ultimate theory Ooguri(Caltech)

D01: ultimate analysis Komatsu(MPA)

Universe before inflation? 
Birth of time? 

quantum gravity? string? 
other dims? end of Universe? 

Multiverse?

swampland 
de Sitter 

conjecture

log normal 
analyses



How far have we come? 
What lies ahead?



Oct 15, 2018 
Kavli IPMU became officially a permanent institute on April 1, 2018



PASSING THE TORCH

Oct 15, 2018





acceleration

deceleration

Λ≈10–120 MPl4>0

0
Λ

MPl4–MPl4

You are here
Anthropic Principle?  Multiverse?



Beautiful Landscape

only Λ and w=–1 
nothing interesting with measuring w!



low-energy
effective

field theories

String Landscape

Swampland
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Obied, Ooguri, Spodyneiko, Vafa, arXiv:1806.08362

(meta)-stable
positive vacuum energy

w = �1 +
2c2

6 + c2
<latexit sha1_base64="gJHg7mjJfnfXTxQkILBPfnEhD7o=">AAAB9nicdVDLSgMxFM3UV62vURcu3ASLIBSHTFuqXQhFNy4r2Ae0tWTSTBuaeZBk1DLMr7gRcaPgZ/gL/o2Zti4qeiDkcM4Jufc4IWdSIfRlZJaWV1bXsuu5jc2t7R1zd68pg0gQ2iABD0TbwZJy5tOGYorTdigo9hxOW874KvVb91RIFvi3ahLSnoeHPnMZwUpLffPg4eLULnRdgUlcJHfFJK4U0qtv5pFVTVGBM1KqaoLKNiqVoG2hKfJgjnrf/OwOAhJ51FeEYyk7NgpVL8ZCMcJpkutGkoaYjPGQxtOxE3ispQF0A6GPr+BUXchhT8qJ5+ikh9VI/vZS8S+vEyn3vBczP4wU9cnsIzfiUAUw7QAOmKBE8YkmmAimJ4RkhHUFSjeV06v/7Af/J82iZSPLvinna5fzErLgEByBE2CDM1AD16AOGoCABDyDN/BuPBpPxovxOotmjPmbfbAA4+Mb/EeRSA==</latexit><latexit sha1_base64="gJHg7mjJfnfXTxQkILBPfnEhD7o=">AAAB9nicdVDLSgMxFM3UV62vURcu3ASLIBSHTFuqXQhFNy4r2Ae0tWTSTBuaeZBk1DLMr7gRcaPgZ/gL/o2Zti4qeiDkcM4Jufc4IWdSIfRlZJaWV1bXsuu5jc2t7R1zd68pg0gQ2iABD0TbwZJy5tOGYorTdigo9hxOW874KvVb91RIFvi3ahLSnoeHPnMZwUpLffPg4eLULnRdgUlcJHfFJK4U0qtv5pFVTVGBM1KqaoLKNiqVoG2hKfJgjnrf/OwOAhJ51FeEYyk7NgpVL8ZCMcJpkutGkoaYjPGQxtOxE3ispQF0A6GPr+BUXchhT8qJ5+ikh9VI/vZS8S+vEyn3vBczP4wU9cnsIzfiUAUw7QAOmKBE8YkmmAimJ4RkhHUFSjeV06v/7Af/J82iZSPLvinna5fzErLgEByBE2CDM1AD16AOGoCABDyDN/BuPBpPxovxOotmjPmbfbAA4+Mb/EeRSA==</latexit><latexit sha1_base64="gJHg7mjJfnfXTxQkILBPfnEhD7o=">AAAB9nicdVDLSgMxFM3UV62vURcu3ASLIBSHTFuqXQhFNy4r2Ae0tWTSTBuaeZBk1DLMr7gRcaPgZ/gL/o2Zti4qeiDkcM4Jufc4IWdSIfRlZJaWV1bXsuu5jc2t7R1zd68pg0gQ2iABD0TbwZJy5tOGYorTdigo9hxOW874KvVb91RIFvi3ahLSnoeHPnMZwUpLffPg4eLULnRdgUlcJHfFJK4U0qtv5pFVTVGBM1KqaoLKNiqVoG2hKfJgjnrf/OwOAhJ51FeEYyk7NgpVL8ZCMcJpkutGkoaYjPGQxtOxE3ispQF0A6GPr+BUXchhT8qJ5+ikh9VI/vZS8S+vEyn3vBczP4wU9cnsIzfiUAUw7QAOmKBE8YkmmAimJ4RkhHUFSjeV06v/7Af/J82iZSPLvinna5fzErLgEByBE2CDM1AD16AOGoCABDyDN/BuPBpPxovxOotmjPmbfbAA4+Mb/EeRSA==</latexit><latexit sha1_base64="gJHg7mjJfnfXTxQkILBPfnEhD7o=">AAAB9nicdVDLSgMxFM3UV62vURcu3ASLIBSHTFuqXQhFNy4r2Ae0tWTSTBuaeZBk1DLMr7gRcaPgZ/gL/o2Zti4qeiDkcM4Jufc4IWdSIfRlZJaWV1bXsuu5jc2t7R1zd68pg0gQ2iABD0TbwZJy5tOGYorTdigo9hxOW874KvVb91RIFvi3ahLSnoeHPnMZwUpLffPg4eLULnRdgUlcJHfFJK4U0qtv5pFVTVGBM1KqaoLKNiqVoG2hKfJgjnrf/OwOAhJ51FeEYyk7NgpVL8ZCMcJpkutGkoaYjPGQxtOxE3ispQF0A6GPr+BUXchhT8qJ5+ikh9VI/vZS8S+vEyn3vBczP4wU9cnsIzfiUAUw7QAOmKBE8YkmmAimJ4RkhHUFSjeV06v/7Af/J82iZSPLvinna5fzErLgEByBE2CDM1AD16AOGoCABDyDN/BuPBpPxovxOotmjPmbfbAA4+Mb/EeRSA==</latexit>

⇤ > 0
<latexit sha1_base64="ni7AOUbTJklq9ARXlgr6sxNaq1Q=">AAAB6HicdVDLSgMxFL1TX7W+qi7dBIvgashUSzsbKbpx4aKCrYW2lEwm08ZmHiQZoZT+gxsRNwp+jb/g35hp66KiBwKHc06491wvEVxpjL+s3Mrq2vpGfrOwtb2zu1fcP2ipOJWUNWksYtn2iGKCR6ypuRasnUhGQk+we290lfn3j0wqHkd3epywXkgGEQ84JdpIne6NifoEXSDcL5aw7dYqlbMawjbGbtmtGuK6rlN1kGOUDCVYoNEvfnb9mKYhizQVRKmOgxPdmxCpORVsWuimiiWEjsiATWaLTtGJkXwUxNK8SKOZupQjoVLj0DPJkOih+u1l4l9eJ9VBrTfhUZJqFtH5oCAVSMcoa418LhnVYmwIoZKbDREdEkmoNrcpmOo//dD/pFW2HWw7t+el+uXiCHk4gmM4BQeqUIdraEATKMTwDG/wbj1YT9aL9TqP5qzFn0NYgvXxDRl2jEM=</latexit><latexit sha1_base64="ni7AOUbTJklq9ARXlgr6sxNaq1Q=">AAAB6HicdVDLSgMxFL1TX7W+qi7dBIvgashUSzsbKbpx4aKCrYW2lEwm08ZmHiQZoZT+gxsRNwp+jb/g35hp66KiBwKHc06491wvEVxpjL+s3Mrq2vpGfrOwtb2zu1fcP2ipOJWUNWksYtn2iGKCR6ypuRasnUhGQk+we290lfn3j0wqHkd3epywXkgGEQ84JdpIne6NifoEXSDcL5aw7dYqlbMawjbGbtmtGuK6rlN1kGOUDCVYoNEvfnb9mKYhizQVRKmOgxPdmxCpORVsWuimiiWEjsiATWaLTtGJkXwUxNK8SKOZupQjoVLj0DPJkOih+u1l4l9eJ9VBrTfhUZJqFtH5oCAVSMcoa418LhnVYmwIoZKbDREdEkmoNrcpmOo//dD/pFW2HWw7t+el+uXiCHk4gmM4BQeqUIdraEATKMTwDG/wbj1YT9aL9TqP5qzFn0NYgvXxDRl2jEM=</latexit><latexit sha1_base64="ni7AOUbTJklq9ARXlgr6sxNaq1Q=">AAAB6HicdVDLSgMxFL1TX7W+qi7dBIvgashUSzsbKbpx4aKCrYW2lEwm08ZmHiQZoZT+gxsRNwp+jb/g35hp66KiBwKHc06491wvEVxpjL+s3Mrq2vpGfrOwtb2zu1fcP2ipOJWUNWksYtn2iGKCR6ypuRasnUhGQk+we290lfn3j0wqHkd3epywXkgGEQ84JdpIne6NifoEXSDcL5aw7dYqlbMawjbGbtmtGuK6rlN1kGOUDCVYoNEvfnb9mKYhizQVRKmOgxPdmxCpORVsWuimiiWEjsiATWaLTtGJkXwUxNK8SKOZupQjoVLj0DPJkOih+u1l4l9eJ9VBrTfhUZJqFtH5oCAVSMcoa418LhnVYmwIoZKbDREdEkmoNrcpmOo//dD/pFW2HWw7t+el+uXiCHk4gmM4BQeqUIdraEATKMTwDG/wbj1YT9aL9TqP5qzFn0NYgvXxDRl2jEM=</latexit><latexit sha1_base64="ni7AOUbTJklq9ARXlgr6sxNaq1Q=">AAAB6HicdVDLSgMxFL1TX7W+qi7dBIvgashUSzsbKbpx4aKCrYW2lEwm08ZmHiQZoZT+gxsRNwp+jb/g35hp66KiBwKHc06491wvEVxpjL+s3Mrq2vpGfrOwtb2zu1fcP2ipOJWUNWksYtn2iGKCR6ypuRasnUhGQk+we290lfn3j0wqHkd3epywXkgGEQ84JdpIne6NifoEXSDcL5aw7dYqlbMawjbGbtmtGuK6rlN1kGOUDCVYoNEvfnb9mKYhizQVRKmOgxPdmxCpORVsWuimiiWEjsiATWaLTtGJkXwUxNK8SKOZupQjoVLj0DPJkOih+u1l4l9eJ9VBrTfhUZJqFtH5oCAVSMcoa418LhnVYmwIoZKbDREdEkmoNrcpmOo//dD/pFW2HWw7t+el+uXiCHk4gmM4BQeqUIdraEATKMTwDG/wbj1YT9aL9TqP5qzFn0NYgvXxDRl2jEM=</latexit>

Most cited elementary particle
theory paper in 2018C01



the conjecture

OK OK OKnot OK

“It is thus fair to say that these scenarios have not yet 
been rigorously shown to be realized in string theory.”
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rolling scalar field
string theorylow-energy 

EFT supergravity

• very difficult to keep flat potential for Q

• difficult for inflation mφ ~ HI ~ 1021 eV

• we need mQ ~ H0 ~ 10–33 eV

• SUSY broken, m3/2 > (TeV2/MPl) ~ eV

• often a long-range fifth force

• found a general prescription to promote 
any potential to supergravity without a fifth 
force

• e.g., V=Λ4e-λφ

Chien-I Chiang, HM, arXiv:1808.02279
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Figure 3: The same as in Fig. 2, but when �0 is fixed to 0 and V0 is varied. The marginalized, one-
dimensional 68%, 95% and 99.7% upper bounds on � in this case are ⇠ 0.49, ⇠ 0.80 and ⇠ 1.02, respectively.
These results are in excellent agreement with our findings based on a frequentist, profile likelihood analysis,
demonstrating that they are the least prior-dependent results we can obtain from an MCMC-based, Bayesian
analysis, and provide the weakest possible bounds on �.

bounds on �. The marginalized, one-dimensional 68%, 95% and 99.7% upper bounds on �
in this case are ⇠ 0.49, ⇠ 0.80 and ⇠ 1.02, respectively. In spite of these small changes of
the bounds depending on which exact priors and ranges one imposes on the parameters, our
results show that one never obtains a 3� bound on � larger than ⇠ 1.4 By trying to be as
ignorant and unprejudiced as possible about the values of the parameters before comparing
the model to the data through enlarging the ranges of the parameters in our MCMC scans,
especially for the initial value �0, this bound on � does become even tighter. We see in the
next section that this 3� upper bound of ⇠ 1 rules out all the models considered in [21].

It is important to note that the statistical constraints on � obtained above ignore the
issue of the probability to begin the last stage of the cosmological evolution in an immediate
vicinity of the point �0 very close to the very narrow peak at �0 ⇠ 0.4 shown in the right
panel of Fig. 2. For any other initial conditions, the probability to describe the present state
of the universe in models with � ⇠ 1 is vanishingly small.

Bounds on � for the same single-exponential potential (6.1) have been provided also in
the two recent papers [22, 23] on the swampland conjectures. The results of these papers
are not based on a rigorous statistical analysis of the model, and our findings are in strong
disagreement with the work of Heisenberg et al. [23]. For that reason, we dedicate Appendix C
to a detailed comparison of our results and methodology with those of [22, 23].

4In order to directly see that this � . 1 is the least tight 3� constraint on �, we additionally performed a
profile likelihood analysis of the parameter space; see, e.g., [104–106] and references therein. This is a frequentist
approach, where the statistical results are independent of priors and ranges. The contours and the upper
bounds on � that we obtained through the profile likelihood analysis were almost identical to what we have
found in our Bayesian analysis of Fig. 3, demonstrating that they are the least prior-dependent results we can
get from an MCMC-based Bayesian analysis. It also confirms that � cannot be larger than ⇠ 1 under any
circumstances, with more than 3� confidence.
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SM is in swampland
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Exactly the same issue with GUTs!
Frederik Denef, Arthur Hebecker, and Timm Wrase, arXiv:1807.06581

Standard Model Higgs potential 
has a local maximum ∇V=0
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Beyond Standard Model
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Figure 1: The potential along the bounce trajectory. The peak is at Φpeak ∼ µ and the

supersymmetric minimum with vanishing potential is at large field Φ0 ∼ µ/ϵ(Nf−3N)/(Nf−N)
≫ µ.

The values of the potential at the local minimum V+ and at the peak Vpeak are of order µ4.

The thin wall approximation [20] is not appropriate for computing the bounce action

of such a potential. The needed calculation of the bounce action can be modelled by a

triangle potential barrier. Then, using the results of [21] we find

S ∼ (∆Φ)4

V+
∼ 1

|ϵ|4(Nf−3N)/(Nf−N)
≫ 1. (7.4)

Taking ϵ → 0, we can make the minimal bounce action arbitrarily large, and thus make

the meta-stable vacuum arbitrarily long lived.

It is amusing to consider the very different magnification scale of the potential in the

microscopic description of the theory and in the macroscopic description. The relation

(7.4) applies in both descriptions. In the macroscopic description, we have ϵ = µ/Λm,

with µ held fixed and the cutoff scale Λm → ∞. Here the large action (7.4) is intuitive:

the vacua (7.1) and (7.2) appear widely separated in field space. On the other hand, in

the microscopic description, we have ϵ ∼
√

m/Λ, and we hold Λ fixed and take m to

zero. Here we are looking at the potential with a very different magnification scale, and

the parametrically large action is less intuitive: the vacua (7.1) and (7.2) appear as tiny

features, two close vacua separated by a tiny barrier. Nevertheless, the bounce action only

depends on the ratio ϵ, not the overall scale µ, so the expression (7.4) remains valid. The

decay rate of the meta-stable vacuum can be made exponentially parametrically small, by

taking ϵ sufficiently small, whether we are in the macroscopic scaling where the features

of the potential appear large, or in the microscopic scaling where they appear small.

28
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Inflation is in swampland
• seems to be inconsistent with the 

slow-roll condition


• one possible attitude: 
c=0.01~O(1)


• can’t expect w≠–1

• “large field inflation” is in 

swampland?

• can’t expect large tensor 

component


• bad news for CMB S4, LiteBIRD 

V 0 ⌧
p
3V
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too strong?

• perhaps, the constraint is too strong?


• would local maxima be ok?


• Our suggestion:


•                     or 


•                     or 

|rV | > cV
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a b c d
ϕ

V(ϕ)

c~O(1) 
∇2V~O(10–2)V

∇V~O(10–2)V 
c’~O(1)

r>10–3

Ooguri, Palti, Shiu, Vafa, arXiv:1810.05506

Hope for w≠–1?

r2V < �c0V
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HM, Masahito Yamazaki  and Tsutomu T. Yanagida, arXiv:1809.00478
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165 N 2 ¼ N tot −N 1 e-folds. In our analysis we setN tot ¼ 50.
166 We assume ϵV and ηV are approximately constant for each
167 interval so that we have

ffiffiffiffiffiffiffiffiffi
2ϵð1ÞV

q
≥ c and ηð2ÞV ≤ −c0: ð8Þ

168169 Additionally, Eq. (1) requires that

ffiffiffiffiffiffiffiffiffi
2ϵð1ÞV

q
N 1 þ

ffiffiffiffiffiffiffiffiffi
2ϵð2ÞV

q
N 2 ≤ α ∼Oð1Þ: ð9Þ

170171 To maximize c, we assume ϵð2ÞV < 10−4 so that the con-
172 tribution of the second era to Eq. (1) is negligible.
173 Combining Eqs. (8) and (9), we have

c <
α −

ffiffiffiffiffiffiffiffiffi
2ϵð2ÞV

q
N 2

N 1

: ð10Þ

174175176 We can also obtain a bound for c0 from the spectral tilt
177 ns ¼ 1–2ϵ − η, where the Hubble slow-roll parameters are

ϵ ¼ −
_H
H2

; η ¼
_ϵ
Hϵ

: ð11Þ

178179 For single-field inflation models, these are related to the
180 slow-roll parameters of the potential as ϵV ¼ ϵ and
181 ηV ¼ 2ϵ − 1

2 η. Therefore, we can constrain ηV and hence
182 the second parameter of the refined de Sitter conjecture as

c0 <
1

2
ð1 − nsðkÞ − 6ϵð2ÞV Þ; ð12Þ

183184 where we allow for a k-dependent spectral tilt. Since we

185 assume ϵð2ÞV is small, our bounds simplify to

ðc0; cÞ <
"
1 − nsðkÞ

2
;
α
N 1

#
: ð13Þ

186187 Equation (13) is valid until N 1 ¼ N tot, at which point the
188 derivation on the bound of c0 above no longer applies, and
189 the only constraint one finds is that c < α=N tot. To
190 proceed, we utilize the Planck analysis based on TT, TE,
191 EE, lowE, lensing and BAO [3], which gives

dns=d ln k ¼ −0.0041 % 0.0067; ð14 Þ

192193
ns ¼ 0.9659 % 0.0040; ð15 Þ

194195 at k& ¼ 0.05 Mpc−1. We add errors in quadrature, ignoring
196 correlations, and use

nsðkÞ ¼ 0.9659 − 0.0041 ln
k
k&

%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð0.0040Þ2 þ
"
0.0067 ln

k
k&

#
2

s

: ð16Þ

197198199A smaller ns allows for larger c0 in Eq. (13), so we take
200the 1σ allowed lower end in order to place our bounds. The
201weak correlation between ns and dns=d ln k we see in
202Fig. 26 of [3] actually works in our favor, and ignoring the
203correlation is therefore the more conservative approach
204(i.e., it gives a smaller allowed range) [130]. Using the
205simple relationship N 1 ¼ ln ðk=a0H0Þ, where a0 is the
206present scale factor and H0 is the present Hubble scale, we
207can constrain the swampland parameters in single-field
208inflation as shown in Fig. 1. The current CMB constraints
209on the spectral index and its running are limited to
210N 1 ≲ 10. This range is denoted by the solid lines in
211Fig. 1. Beyond this there are no strong observational
212constraints, and we extend our analysis by extrapolating
213Eq. (16) to N 1 ≥ 10 shown by the dashed lines in Fig. 1.
214The unshaded regions indicate values of ðc0; cÞ that satisfy
215the above inequalities. The vertical asymptotes correspond
216to satisfying Eq. (7) for the entirety of the inflationary
217epoch, N 1 ¼ 0, so that c is left completely arbitrary but c0

218has a strict upper bound that is much less than the Oð1Þ
219expectation. The horizontal dotted lines correspond to

F1:1FIG. 1. Bounds on swampland parameters for generic single-
F1:2field inflation models at the 1σ level assuming the running of ns
F1:3can be extended toN tot ¼ 50 e-folds. The unshaded region is the
F1:4allowed parameter space. The solid lines are for N 1 ≤ 10, the
F1:5dashed lines are for 10 < N 1 < 50, and the horizontal dotted
F1:6lines correspond to N 1 ¼ 50; i.e. the first constraint, Eq. (6),
F1:7applies to the whole inflationary period. The values of c excluded
F1:8by [131] are shaded in grey. We use the distance conjecture with
F1:9Δϕ ≤ αMPl and display the minimum values for 1 þ w ≥ Δ with

F1:10black dashed lines. With the original de Sitter conjecture, c has to
F1:11be below the dotted horizontal lines, but there are no constraints
F1:12on c0.
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Is Inflation OK?
• Single-field inflation:


• c or c’ ~ 0.1 OK


• r can be detectable


• Multi-field even better!           

Chien-I Chiang, Jacob Leedom, HM, arXiv:1811.01987
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FIG. 4: Left: Observed rotation curve of dwarf galaxy DDO 154 (black data points) [167] compared to
models with an NFW profile (dotted blue) and cored profile (solid red). Stellar (gas) contributions indicated
by pink (dot-)dashed lines. Right: Corresponding DM density profiles adopted in the fits. NFW halo
parameters are rs ⇡ 3.4 kpc and ⇢s ⇡ 1.5 ⇥ 107 M�/kpc3, while the cored density profile is generated
using an analytical SIDM halo model developed in [116, 118].

Recent high-resolution surveys of nearby dwarf galaxies have given further weight to this dis-
crepancy. The HI Near Galaxy Survey (THINGS) presented rotation curves for seven nearby
dwarfs, finding a mean inner slope ↵ = �0.29 ± 0.07 [96], while a similar analysis by LITTLE
THINGS for 26 dwarfs found ↵ = �0.32 ± 0.24 [167]. These results stand in contrast to ↵ ⇠ �1
predicted for CDM.

However, this discrepancy may simply highlight the inadequacy of DM-only simulations to
infer the properties of real galaxies containing both DM and baryons. One proposal along these
lines is that supernova-driven outflows can potentially impact the DM halo gravitationally, soft-
ening cusps [78, 168], which we discuss in further detail in §II E. Alternatively, the inner mass
density in dwarf galaxies may be systematically underestimated if gas pressure—due to turbulence
in the interstellar medium—provides radial support to the disk [169, 170]. In this case, the ob-
served circular velocity will be smaller than needed to balance the gravitational acceleration, as
per Eq. (5), and purported cores may simply be an observational artifact.

In light of these uncertainties, LSB galaxies have become an attractive testing ground for DM
halo structure. A variety of observables—low metallicities and star formation rates, high gas
fractions and mass-to-light ratios, young stellar populations—all point to these galaxies being
highly DM-dominated and having had a quiescent evolution [171]. Moreover, LSBs typically
have larger circular velocities and therefore deeper potential wells compared to dwarfs. Hence,
the effects of baryon feedback and pressure support are expected to be less pronounced.

Rotation curve studies find that cored DM profiles are a better fit for LSBs compared to cuspy
profiles [54, 58, 59, 63, 64]. In some cases, NFW profiles can give reasonable fits, but the required
halo concentrations are systematically lower than the mean value predicted cosmologically. Al-
though early HI and long-slit H↵ observations carried concerns that systematic effects—limited
resolution (beam-smearing), slit misalignment, halo triaxiality and noncircular motions—may cre-
ate cores artificially, these issues have largely been put to rest with the advent of high-resolution HI
and optical velocity fields (see Ref. [148] and references therein). Whether or not baryonic feed-
back can provide the solution remains actively debated [67, 172, 173, 174]. Cored DM profiles
have been further inferred for more luminous spiral galaxies as well [65, 175, 176].
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FIG. 4: Left: Observed rotation curve of dwarf galaxy DDO 154 (black data points) [167] compared to
models with an NFW profile (dotted blue) and cored profile (solid red). Stellar (gas) contributions indicated
by pink (dot-)dashed lines. Right: Corresponding DM density profiles adopted in the fits. NFW halo
parameters are rs ⇡ 3.4 kpc and ⇢s ⇡ 1.5 ⇥ 107 M�/kpc3, while the cored density profile is generated
using an analytical SIDM halo model developed in [116, 118].

Recent high-resolution surveys of nearby dwarf galaxies have given further weight to this dis-
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THINGS for 26 dwarfs found ↵ = �0.32 ± 0.24 [167]. These results stand in contrast to ↵ ⇠ �1
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lines is that supernova-driven outflows can potentially impact the DM halo gravitationally, soft-
ening cusps [78, 168], which we discuss in further detail in §II E. Alternatively, the inner mass
density in dwarf galaxies may be systematically underestimated if gas pressure—due to turbulence
in the interstellar medium—provides radial support to the disk [169, 170]. In this case, the ob-
served circular velocity will be smaller than needed to balance the gravitational acceleration, as
per Eq. (5), and purported cores may simply be an observational artifact.

In light of these uncertainties, LSB galaxies have become an attractive testing ground for DM
halo structure. A variety of observables—low metallicities and star formation rates, high gas
fractions and mass-to-light ratios, young stellar populations—all point to these galaxies being
highly DM-dominated and having had a quiescent evolution [171]. Moreover, LSBs typically
have larger circular velocities and therefore deeper potential wells compared to dwarfs. Hence,
the effects of baryon feedback and pressure support are expected to be less pronounced.

Rotation curve studies find that cored DM profiles are a better fit for LSBs compared to cuspy
profiles [54, 58, 59, 63, 64]. In some cases, NFW profiles can give reasonable fits, but the required
halo concentrations are systematically lower than the mean value predicted cosmologically. Al-
though early HI and long-slit H↵ observations carried concerns that systematic effects—limited
resolution (beam-smearing), slit misalignment, halo triaxiality and noncircular motions—may cre-
ate cores artificially, these issues have largely been put to rest with the advent of high-resolution HI
and optical velocity fields (see Ref. [148] and references therein). Whether or not baryonic feed-
back can provide the solution remains actively debated [67, 172, 173, 174]. Cored DM profiles
have been further inferred for more luminous spiral galaxies as well [65, 175, 176].
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Similar outer circular velocity and stellar mass, 
but different stellar distribution

- compact → redistribute SIDM significantly
- extended → unchange SIDM distribution

AK, Kaplinghat, Pace, and Yu, PRL, 2017

Ayuki Kamada 
first student from Kavli IPMU 
long term position in Korea



SIMP
• SIMP (Strongly Interacting 
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(Top 1% paper in physics)

• dark matter = dark hadron

• near-threshold resonance can 
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• i.e., ππ→σ→ππ
• (Xiaoyong Chu, Camilo 
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M. Kaplinghat, S. Tulin, and H.-B. Yu,
arXiv:1508.03339.
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
p

4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production

E� =

p
s

2

✓
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indirect detection

• powerful probe to dark 
matter

• annihilation in star-poor 
dwarf galaxies

• biggest uncertainties:

• foreground stars

• density profile
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ABSTRACT
Dwarf spheroidal galaxies (dSphs) are promising targets for the gamma-ray dark matter (DM)
search. In particular, DM annihilation signal is expected to be strong in some of the recently
discovered nearby ultrafaint dSphs, which potentially give stringent constraints on the O(1)
TeV weakly interacting massive particle DM. However, various non-negligible systematic
uncertainties complicate the estimation of the astrophysical factors relevant for the DM search
in these objects. Among them, the effects of foreground stars particularly attract attention
because the contamination is unavoidable even for the future kinematical survey. In this article,
we assess the effects of the foreground contamination on the astrophysical J-factor estimation
by generating mock samples of stars in the four ultrafaint dSphs and using a model of future
spectrographs. We investigate various data cuts to optimize the quality of the data and apply a
likelihood analysis which takes member and foreground stellar distributions into account. We
show that the foreground star contaminations in the signal region (the region of interest) and
their statistical uncertainty can be estimated by interpolating the foreground star distribution
in the control region where the foreground stars dominate the member stars. Such regions can
be secured at future spectroscopic observations utilizing a multiple object spectrograph with a
large field of view, e.g. the Prime Focus Spectrograph mounted on Subaru Telescope. The above
estimation has several advantages: the data-driven estimation of the contamination makes the
analysis of the astrophysical factor stable against the complicated foreground distribution.
Besides, foreground contamination effect is considered in the likelihood analysis.

Key words: astroparticle physics – instrumentation: spectrographs – galaxies: dwarf –
galaxies: kinematics and dynamics – dark matter – gamma-rays: galaxies.

1 IN T RO D U C T I O N

Various astrophysical observations such as the dynamics of galaxy
clusters (Zwicky 1933), rotation curves of spiral galaxies (Rubin,
Thonnard & Ford 1978; Rubin, Ford & Thonnard 1980), and gravi-
tational lensing (McLaughlin 1999; Łokas & Mamon 2003; Bradac
et al. 2006; Clowe et al. 2006) strongly indicate the existence of
dark matter (DM) in the astronomical objects. A recent global fit
of the cosmic microwave background (CMB), large-scale structure
(LSS), and supernovae (SNe) observations (Ade et al. 2016) reveal
that quarter of the total energy of the Universe consists of DM. One
of the most attractive candidates of DM is weakly interacting mas-
sive particle (WIMP), which naturally explains the observed DM
density with its annihilation channels into lighter standard model

⋆ E-mail: shunichi.horigome@ipmu.jp

particles. Particularly, the WIMP DM with ! O(1) TeV has drawn
attention in the context of the physics beyond the standard model
such as supersymmetry (see e.g. Jungman, Kamionkowski & Griest
1996, also Murayama 2007; Feng 2010).

Gamma-ray indirect detection experiment, which aims to ob-
serve gamma-rays induced by the DM annihilation, has a strong
sensitivity to this O(1) TeV WIMP. Among various astronomical
objects, dwarf spheroidal satellite galaxies (dSphs) associated with
the Milky Way are the ideal targets due to its small distance (∼ 10-
− a few hundred kpc from the Solar system) and dense DM en-
vironment with low astrophysical background (Cholis & Salucci
2012; Lefranc et al. 2016). However, recent studies show that ex-
pected signal flux coming from the dSphs is significantly affected
by various uncertainties such as the statistical procedure (Martinez
et al. 2009), DM distribution (Bonnivard et al. 2015; Geringer-
Sameth, Koushiappas & Walker 2015; Hayashi et al, 2016), stellar
distribution (Ullio & Valli 2016), unresolved binary stars (Koch
et al. 2007; Simon & Geha 2007; Mateo, Olszewski & Walker 2008;

C⃝ 2018 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society
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Figure 3. The J-factors obtained by the fits are plotted. The blue, orange, and green dots show the J-factor estimations of the KI17, Conventional, and
Contaminated analysis. The lighter error bars of each point show the average of the 68 per cent quantile, while the darker ones show the square root of the
68 per cent quantiles and the standard deviation of the median values. The grey dashed lines show the input values. For each dSph, three bars with the same
colours correspond to the case of imax = 21, 21.5, and 22 with θROI = 0.65 respectively, from the left. See Table A1 and Fig. C1 for the numerical values and
their dependence on the rmax, respectively.

calculated within an angular radius of 0.5 deg (i.e., "# = 2.4 ×
10−4 sr), which is the standard size for the J-factor calculation. We
here choose the distance from the centre of the dSph to the outermost
observed member star rmax as the most conservative radius given by
Geringer-Sameth et al. (2015).

In the Contaminated analysis (green bars in Fig. 3), the overes-
timation of the J-factor becomes more than an order of the mag-
nitude. This is because the dispersion curve inflates due to the
foreground contamination which mainly locate at the outer region
with a large velocity dispersion (∼ 30–40 km s−1). Since the frac-
tion of the foreground contaminating stars is more than 50 per cent,
the overestimation is much larger than that of the classical
case.

On the other hand, the J-factors seem to be successfully repro-
duced by the Conventional approach (orange bars in Fig 3). How-
ever, since this approach assumes a constant velocity dispersion in
its membership selection, the dispersion curve after the selection
tends to be more or less constant as a function of the radius, which
lead to a small bias to the J-factor estimation. We provide the typical
uncertainty in the dispersion curve and its sample-to-sample scatter
for the 50 mocks in the left column of Fig. 4. The red lines show
the median value of the dispersion curves obtained by the fit of
the Conventional approach (averaged by the 50 mocks), while the
green band shows the (averaged) 68 per cent quantile. The median
values of the dispersion curves also fluctuate sample by sample,
reflecting the quality of the sample. We show this fluctuation by the
orange shaded regions which are obtained by the square root sum of
the standard deviation of the median values of the 50 mocks and the
68 per cent quantiles. The input dispersion curves are also shown
by the grey dashed lines.

For the Ursa Major II , the figure shows that the dispersion curve
is flatter than that of the input, which makes the J-factor under-
estimated. This fact seems to be caused by the constant velocity
dispersion bias. This effect becomes more significant for a larger
size of stellar data, as can be seen in the three orange bars. Mean-
while, since the changes of the dispersion curves of the other dSphs
are not as large as the Ursa Major II case, the effect of the bias is not
seen.

We also note the results for the Ursa Major I case. Although the
number of the stars in Ursa Major I does not significantly differ
from the other dSphs (see Table 3), both the Conventional and
KI17 approaches cannot determine the J-factor as precisely as those
of the other dSphs. It seems to originate in the fact that the inner
part of the DM profile is not well determined. We left this analysis
to future work.

KI17 approach (blue bars in Fig. 3) also provides successful J-
factor estimations. For the Ursa Major II case, the J-factor is getting
converged to the input value for deeper observations, while it cannot
be seen in the conventional approach. For other dSphs, the result of
our analysis is compatible with the conventional one, which reflects
the fact that the velocity dispersion at the inner part is more or less
constant.

We also give the distribution of the dispersion curve obtained by
the fit in the right column of Fig. 4. Compared with the distribution
of the Conventional approach, the width of the 68 per cent quan-
tile is larger in the outer region, while it becomes smaller in the
inner region (except for the Ursa Major I case). The results of the
J-factor estimation implies that the width in the inner region prefer-
entially affects the uncertainties of the J-factors. We also note that
the median dispersion curve of the Ursa Major II case successfully
follows the input curve at R ∼ 250 pc, in contrast with that of the
Conventionalapproach. The sensitivity of the indirect DM detec-
tion observing gamma-rays from the dSphs depends directly on the
median values and uncertainties of J-factors. See Appendix B for
those who are interested in this dependence in a concrete example.

5 SU M M A RY

In this paper, we have investigated the effect of the foreground
contamination on the estimation of astrophysical factor, using the
mock kinematical data of the four representative ultrafaint dwarf
spheroidal galaxies. This is because we cannot completely distin-
guish the foreground stars from the dSph’s member stars even if
imposing several data cuts. We have adopted our developed fit-
ting analysis, KI17, utilizing the future spectroscopic survey, PFS.
Such a multi-object spectrograph with large field of view enables

MNRAS 479, 64–74 (2018)
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• one of the largest telescopes: 8.2m

• big field of view ~1.5°

• Imaging with Hyper Suprime-Cam 
(HSC)

• 870M pixels

• ~300M galaxy images

• 2014–2019, 330 nights

• spectroscopy with 
PrimeFocusSpectrograph (PFS)

• 2394 optical fibers, 280–1260nm

• >1M redshifts

• 2022–2026 360 nights

Subaru

HSC PFS

Subaru Measurement of Images and Redshifts

B03



PFS	will	configure	 
2394	individual	fibers 

for	simultaneous	spectroscopy	
over	this	hexagonal	field.

~1.5	deg
Naoyuki 
Tamura



Comprehensive Challenge  
on the Standard Model of the Universe 

and Beyond
ΛCDM Galactic 

Archaeology
Galaxy 

Evolution
Cosmology

General Relativity ✓ ✓

Flat FRW metric ✓

Collisionless Dark Matter ✓

Nearly Scale-invariant Adiabatic Gauissian Spectrum ✓ ✓ ✓

Hierarchical Structure Formation ✓ ✓ ✓

Cosmological Constant ✓

Massless Neutrinos ✓ (warm DM) ✓

Reionization from stellar formation ✓
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Prime Focus Spectrograph

30



0.00 0.04 0.08 0.12 0.16 0.20

⌃m⌫

�1.12

�1.08

�1.04

�1.00

�0.96

�0.92

w

Planck15+BOSS+PFS

Planck15+BOSS+PFS+LiteBIRD

w = �1 +
2c2

6 + c2
<latexit sha1_base64="6Y7mKXPc7Nzfwr48/HNDDD56Tng=">AAAB9nicbVDLSgMxFL1TX7W+Rl24cBMsglAsM6OoG6HoxmUF+4C2lkyaaUMzD5KMWob5FTcibhT8DH/BvzHTdtPWAyGHc07IvceNOJPKsn6N3NLyyupafr2wsbm1vWPu7tVlGAtCayTkoWi6WFLOAlpTTHHajATFvstpwx3eZn7jiQrJwuBBjSLa8XE/YB4jWGmpax48X5/apbYnMEkc8uikyUUpu7pm0SpbY6BFYk9JEaaods2fdi8ksU8DRTiWsmVbkeokWChGOE0L7VjSCJMh7tNkPHaKjrXUQ14o9AkUGqszOexLOfJdnfSxGsh5LxP/81qx8q46CQuiWNGATD7yYo5UiLIOUI8JShQfaYKJYHpCRAZYV6B0UwW9uj2/6CKpO2X7rOzcnxcrN9MS8nAIR3ACNlxCBe6gCjUgkMIbfMKX8WK8Gu/GxySaM6Zv9mEGxvcfYTuQ3g==</latexit>

Can measure w 
If w>–1, supports swampland conjecture 

If w=–1, puts string theory in tight corner?

Now that c can be O(1), 
w may deviate from –1

R. Makiya

further improvements 
with τ from LiteBIRD

B03/D01



Draco

Sculptor Fornax

Ursa Minor Sextans

PFS pointings for MW satellites
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Finale

But there is exciting science ahead!


