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Anthropic Principle?  Multiverse?



Multiverse
Melody YangNHK Show Cosmic Front NEXT



Multiverse
NHK Show Cosmic Front NEXT Melody Yang



Beautiful Landscape

only Λ, nothing interesting with measuring w!



EFT

String Landscape

Swampland
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Nobody wants swampland

w=0

Swampland viewed 
from bottom up



“Quintessence”

Chien-I Chiang, HM, arXiv:1808.02279

w=0• First “test” of swampland
• Is quintessence possible in supergravity?

• very difficult to keep flat potential for Q
• SUSY broken > TeV
• at the least, m3/2 > (TeV2/MPl) ~ eV
• i.e., vector mediation (Hook, HM)

• more typically m3/2 > TeV, 102 TeV (AMSB)
• but we need mQ ~ H0 ~ 10–33 eV
• might mediate a long-range fifth force



shift symmetry

V = eK((KiW +Wi)
⇤K�1

ī
j(KjW +Wj)� 3|W |2)

= |WQ|2 � 3m3/2(W (Q) +W ⇤(Q))

Chien-I Chiang, HM, arXiv:1808.02279

w=0

• incorporate into supergravity
• shift symmetry (monodromy) in Kähler
• Q→Q+i α
• K(Q,Q*) = K(Q+Q*) ~ (Q+Q*)2 /2

• need m3/2W(Q)~m3/2Λ3~H02

• any potential can be lifted to supergravity
• also radiatively stable δK~m3/22Λ6 
δmQ2~m3/24Λ6

• no fifth force through Q-Higgs mixing



Simplest model?

• V=V0 eλ Q , λ>c>0 

• observational constraints 
c<λ<0.6


• (SNe, CMB, BAO)


• choose W=V0 ei λQ 

• non-renormalization 
theorem protects W 

• once it is set, it stays

|rV | > cV
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Figure 1: (a) The black curve shows the current observational 2� bound on w(z) for 0 < z < 1 based on SNeIa, CMB and BAO
data [26]. This is compared with the predicted w(z) for exponential quintessence potentials with di↵erent values of constant
� under the constraint that ⌦�(z = 0) = 0.7 and assuming initial conditions x = y ⇡ 0. From this we observe that the
upper bound on � is ⇠ 0.6 (blue curve). (b) The blue curve shows the trajectory in the (x, y) plane corresponding to constant
� = 0.6, the upper bound allowed in Fig. 1(a), assuming initial conditions (x, y) = (0, 0). The current (x, y) is where the
blue curve meets the green; the dashed blue curve illustrates its future asymptotic behavior. Trajectories to the right of the
blue curve have a larger w(z) at 0 < z < 1 and, hence, violate the observational constraints in Fig. 1(a). As explained in the
text, trajectories to the left of the blue curve extrapolate back in time, hit the y-axis at some finite y and then continue on to
(x, y) = (�1, 0) or ⌦� ! 1. These trajectories disrupt matter domination and, hence, large-scale structure formation. Hence,
the bound for constant �, c < 0.6 in Fig. 1(a), is also the bound for general �(�) > c.

trajectories for a range of values of �. We com-
pare these predictions with the current 2� upper
bounds on w(z) for 0 < z < 1 (black curve3) [26].
The comparison shows that the upper bound on �

is 0.6, somewhat less than unity.
Second, a universal upper bound on c can be de-

rived for general �(�). We claim and will shortly
prove that the constant � case with �(�) = c is
the least constrained trajectory. From above, such
a trajectory is ruled out if c is bigger than 0.6. It
follows that every possible �(�) is ruled out if c is
bigger than 0.6, leading to the bound c . 0.6.

We now provide the argument why the �(�) = c

trajectory is the limiting case. Figure 1(b) shows
in blue the trajectory for the case � = c =
0.6 which connects the fixed point at (x, y) =
(c/

p
6,
p

1� c2/6) to the repulsive fixed point at
(x, y) = (0, 0). From figure 1(a), this trajectory fits

3 The black curve is determined from Fig. 21 in Ref. [26]
by finding the values of (w0, wa) all along the 2� contour;
plotting all w(z) of the form w(z) = w0 + waz/(1 + z); and
finding the upper convex hull.

observational constraints for 0 < z < 1 and z > 1.
Where the blue curve intersects the upper black line
in the future is the stable fixed point; if the universe
began at the repulsive fixed point in the past, the
current position along the trajectory is where the
blue curve meets the green one.

Note that trajectories are bounded by the condi-
tion

�
x

y
<

dy

dx
< �

x

y

0

@1�
(1� x

2
� y

2)(y2 � x
2)q

2
3cxy

2 � x2(1� x2 + y2)

1

A

(13)

where we use the fact that the slope dy/dx for each
trajectory at each point is a monotonic function of
�. Starting from any point in the x � y plot, we
can use this condition to bound any trajectory that
passes through that point if �(�) > c. Namely,
draw trajectories through the point with �(�) = c

and �(�) ! 1; these form a cone through which
any other trajectory for general �(�) must pass.
This is illustrated, for example, by the black lines

5

Prateek Agrawala, Georges Obieda, 
Paul J. Steinhardt, Cumrun Vafa, 

arXiv:1806.09718Chien-I Chiang, HM, arXiv:1808.02279



SUSY 
breaking

Q

gravity

meV

TeV

MPl

m3/2~Λ~TeV2/MPl Arkani-Hamed, Hall,
Kolda, HM

V = �3m3/2(W (Q) +W ⇤(Q))

W (Q) = ⇤3e�Q

w=0



Higgs
• Theorem:


• potential V of H and S


• non-positive at all stationary 
points (minima or maxima)


• there is a local minimum @ 
V=0 without flat direction


• at least one more stationary 
point


• swampland!
-2 -1 1 2

2

4

6

8

HM, Masahito Yamazaki  and Tsutomu T. Yanagida, arXiv:1809.00478

V = e
��0Q

�(H†
H � v

2)2
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Frederik Denef, Arthur Hebecker, and Timm Wrase, arXiv:1807.06581



QCD
• QCD itself doesn’t have scalar

• but low-energy theory is chiral 

Lagrangian of pions


• coupling to quintessence?

• equivalence principle


• but scalar force doesn’t give 
correct relativistic effects


• can’t be weaker than gravity 
because of WGC f<MPl

-5 5

0.5

1.0

1.5

2.0
V = µ3TrMU
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QCD axion
• QCD axion also has local 

maxima


• can send maxima > MPl?


• contradicts weak gravity 
conjecture fa<MPl / Sinst


• coupling to quintessence?


• Q couples to QCD, nucleons


• fifth force constraints

Hitoshi Murayama, Masahito Yamazaki  and Tsutomu T. Yanagida, arXiv:1809.00478
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SUSY breaking

• Dynamical SUSY Breaking


• Intriligator-Seiberg-Shih (ISS) 
proposed simple models


• SUSY QCD with mass


• SUSY Breaking @ local 
minimum


• also excluded

0

peakV

V

V

ΦΦΦ

+

peak

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.
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Inflation
• seems to be inconsistent with the 

slow-roll condition


• one possible attitude: 
c=0.1~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 
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Hope for w≠–1?

w=0



Is Inflation OK?

• Single-field inflation:


• barely


• still needs c or c’ < 0.1


• can hope for         
Δ=1+w>0.1                       
but not necessary
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Is Inflation OK?

• Multi-field inflation:


• type with centrifugal force


• If cs~0.3, c, c’~O(1)


• Δ=1+w>0.1 quite natural

Δ=0.1

Δ=0.01

Δ=0.001

0.01 0.1 1

0.01

0.1

1

c'

c

cs=1
cs=0.7
cs=0.24

original de Sitter conjecture

Chien-I Chiang, Jacob Leedom, HM, arXiv:1811.01987



• one of the largest telescopes: 8.2m

• big field of view ~1.5°

• Imaging with Hyper Suprime-Cam 
(HSC)

• 900M pixels

• ~300M galaxy images

• 2014–2019, 300 nights

• spectroscopy with 
PrimeFocusSpectrograph (PFS)

• 2400 optical fibers

• >1M redshifts

• 2022–2026 300–360 nights?

Subaru

HSC PFS

Subaru Measurement of Images and Redshifts
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2550 Fiber Positioners
“Cobra” all produced

co-developed with Caltech, NASA/JPL

10µ accuracy in less than a minute
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Figure 2.11: The impact of the observational systematic effects in Fig. 2.10 on the power spectrum
measurement. Here we consider a worst-case scenario: we assume that a systematic error causes
apparent fluctuations in the number of detected [O II] galaxies in between different pointings (but
we do not consider the redshift dependence for simplicity). The PFS FoV corresponds to transverse
comoving scales of about 42 or 66 Mpc/h for z ' 1 or 2 redshift slices, respectively. We used N-
body simulations outputs at z = 1 and 2.2 that are done with 10243 particles and in a box with
2 Gpc/h on a side length. We first added artificial density fluctuations with 5% rms amplitude into
each of 48 or 29 subdivided rectangular-shaped subvolumes in the z = 1 or 2.2 N-body simulations,
where each subvolume has a volume of 41.7 ⇥ 2000 ⇥ 2000 or 69 ⇥ 2000 ⇥ 2000 (Mpc/h)3,
respectively. Here the scales of 41.7 or 69 Mpc/h are intended to mimic the transverse scales
of PFS FoV for the z ' 1 or 2 slices. Then we measured the power spectrum from the modified
simulations. The blue and black points show the power spectra with and without the modifications,
where the error bars are the scatters at each k bin estimated from 3 realizations. The figure shows
that the BAO peak locations are not changed, but modify the power spectrum amplitudes by a
factor of 1 + 0.052.

The PFS cosmology survey rests on the use of [O II] emission-line galaxies, detected with S/N’s
greater than a given threshold (S/N = 8.5 assumed throughout this document). If observational
systematic errors affect a selection of [O II] emitters, i.e. selection bias, it causes an apparent
density fluctuations in the observed galaxy distribution, which needs to be carefully monitored
and calibrated. The systematic effects we need to care about are, e.g.,

• The fiber offset from the true centroid; e.g. if there is a systematic error in the astrometric
solution and/or an imperfect fiber positioning, the fiber offset arises.

• Variation in the throughput over the field angle (e.g. due to the vignetting).

• A misestimation in the seeing FWHM. The PSF misestimation causes a biased estimate of
the intrinsic [O II] flux.

• A flux miscalibration such as an error in the magnitude zero point.

In Fig. 2.10, we use our own exposure time calculator to estimate how the systematic errors men-
tioned above change the number of detected [O II] emitters in each redshift bin, where we em-
ployed the same threshold S/N = 8.5. Here we consider some typical values for each of the

Baryon Acoustic 
Oscillation

ELGs [OII], ~15 min exposure



Dark Energy Density

Grey: SDSS+BOSS+DESI

Ruling out ΛCDM by mapping out time evolution of 



downselect by JAXA 2018, expected launch 2025
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