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Programme: Day 5
Friday 14 November 2014

Morning 1 [Chair: Misao Sasaki]

10:00 Hitoshi Murayama (Berkeley/Kavli IPMU, SuMIRe) [Invited]
“soo-mee-ray SUMIRE Subaru Measurements of Images and Redshifts”
[JGRG24(2014)111401]

10:45 Takashi Hiramatsu (YITP, Kyoto)
“Progress of code development: 2nd-order Einstein-Boltzmann solver for CMB
anisotropy” [JGRG24(2014)111402]

11:00 Tomo Takahashi (Saga)
“Studying the inflationary Universe with gravitational waves”
[JGRG24(2014)111403]

11:15 - 11:30 coffee break
Morning 2 [Chair: Hideo Kodama]

11:30 Akihiro Ishibashi (Kinki)
“Instability of extremal black holes in higher dimensions” [JGRG24(2014)111404]

11:45 Hajime Sotani (NAQJ)
“Stellar oscillations in Eddington-inspired Born-Infeld gravity”
[JGRG24(2014)111405]

12:00 Kazuharu Bamba (Ochanomizu)

“Inflationary cosmology in R? gravity with quantum corrections”
[JGRG24(2014)111406]

12:15 Shuntaro Mizuno (Waseda)
“Combined features in the primordial spectra induced by a sudden turn in two-field
DBI inflation” [JGRG24(2014)111407]

12:30 Guillermo A. Mena Marugan (IEM, CSIC)
“Cosmological perturbations in Loop Quantum Cosmology: Mukhanov-Sasaki
equations” [JGRG24(2014)111408]

12:45 Yuko Urakawa (Nagoya)
“Inflation from holography” [JGRG24(2014)111409]

13:00 - 13:15 presentation awards
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13:15 Kei-ichi Maeda (Waseda)
Closing [JGRG24(2014)111410]
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“SuMIRe: Subaru Measurements of Images and Redshifts”
Hitoshi Murayama [Invited]

[JGRG24(2014)111401]
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SOO-mee-ray

SuMIRe

Subaru Measurements

of Images and Redshifts

Hltoshl Murayama (Kavli IPMU & Berkeley)
. JGRG24 @ Kavli IPMU
Nov 14,2014
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"HOW-did the Universe begin?
What is its fate?

- What is it made of?
What are-its fundamental Iaws7,_
Why dq we. exist!

Wg need astronomers
ph)’SICIStS' and mathematmans
Founded Oct |,2007 :
Englishr is the official ‘Iang'uage‘
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Oct 2014

international members 56%
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2/28/14 Surhud Shrikant More  |Project Assistant Professor Kavli IPMU (promoted)

8/21/14 Assistant Professor University of South Dakota

8/31/14 Robert Quimby '\Aﬂsésuonctlal_fE;oafegts)g;\lzltgector of San Diego State University

Scientific Researcher CONICET (National Scientific and Technical Research Council - Argentina

publications per year

citation/ #papers
paper >50 citations

IPMU 16.0 | 14

|AS 19.7 137
KITP 19.6 49
200 YITP 1.1 46

institute

‘O refereed publications™

400

300

100 Perimeter 3.9 83

ICTP 11.6 72
0

2007 2009 2011 2013 Jan 2008 - Jun.2014
“calendar year Web of Science (Thomson Reuters), excluding reviews

fields: astronomy, astrophysics, particle and fields,
multidisciplinary physics, mathematics, applied mathematics
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condensed

The map s

physics

accelerator 4
representation theor

' arithmetic geometry
% mathematics

underground theoretical N
experiments physics 9

Qo'bv
2 algebraic geometry

sisauad01da]

astro Stl‘ll’lg= differential geometr

proposed & achieved

s UNANtiCipated & achieved

will be achieved

Subaru Telescope

T S ——

\
- i

—————

@ summit of Mt. Mauna Kea (4200my); Big Island, Hawaii
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Subaru Telescope:
wide FoV & excellent image quality

 Fast, Wide, Deep & Sharp

* a cosmological survey needs these

yper Suprime-Cam FoV

M. Takada 5009 o



r,. (AB, bo, 2" aperture)

28

_7

26

25

24

23

831

Subaru Measurements of

SuM

a 5+5 year survey program
exploiting FOV ~1.5° of 8.2m Subaru
cosmic sensus
Imaging with HyperSuprimeCam (HSC)
e 870M pixels
® ~20M galaxy images
e 2014-2018, 300 nights

with
PrimeFocusSpectrograph (PFS) # PSF
® 2400 optical fibers
® ~4M redshifts
e 2018-2022? 300 nights
like SDSS on 8.2m telescope!

é”‘ T YTTHW T YTTHW T YTTHW T TTTHW T YTEL 1O5§ T | 1T | 1T | T | T | T T é
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imaging spectroscopy
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PFS collaboration

Jet Propulsion Laboratory

N
NASA
A% California Institute of Technology

Caltech

R»F"’JG%
? PRINCETON
& UNIVERSITY

STITUTE FOR THE PHYSICS AND

Max-Planck-Institut ATHEMATICS OF THE UNIVERSE
fiir Astrophysik

LNA Lasoratorio o JOHNS HOPKINS

== [&] NACIONAL DE ASTROFISICA O e UNIVERSITY

DE WARSERLE

o
)

Transmission
o
>

® FoV:1.5°% 1.77 deg? |
® |5um, 870M pixels [ ,

3%00 4000 5000 6000 7000 8000 9000 10000 11000

o grizy + 6 NBS Wavelength [A]
® three surveys, approved to start Feb 2014

area (deg | pointings h science
Wide 1400 916 4.4 (z<I1.5) | WL, galaxies z~|
Deep 28 |5 0.5 (1<z<5) galaxies z<2

Ultra-Deep 3.5 2 0.07 (2<z<7) | LAEs, LBGs, SNela




Table 1: Hyper Suprime-Cam Characteristics

Instrument weight 3.0 tons (estimate)

Field of View 1.5° diameter, 1.77 deg?

Vignetting 0 at 0.15°; 26% at edge

Pixel scale 15pum = 0.16"

Delivered Image Quality Dgp < 0.2” in all filters

CCDs 116 2K x 4K Hamamatsu Fully-Depleted
CCD QE 40% at 40004, 10,0004,

CTE 0.999999

Readnoise 4.5 e~

Data Rate 2.31 GBytes/exposure (16-bit A-to-D)
Focal ratio at Focal Plane 2.25

Overhead between Exposures 29 sec

Wide-Field Corrector 7 optical elements, ADC

Shutter Roll-Type

Filters grizy + 6 NB; Table 3

Filter Exchanger 6 filters installed at a time

Filter Exchange Time 10 minutes

Table 2: Summary of HSC-Wide, Deep and Ultradeep layers

834

Layer Area  # of Filters & Depth Volume Key Science

[deg?] pointings [h—3Gpc?]
Wide 1400 916 grizy (i ~ 26) ~4.4(z < 1.5) WL Cosmology, z ~ 1 gals, Clusters
Deep 28 15 grizy+3NBs (1 ~27) ~0.5(1<z<5) zX2gals, SNela, WL calib.
Ultradeep | 3.5 2 grizy+6NBs (i ~ 28) ~0.07(2 < z<7) high-z gals (LAEs, LBGs), SNela

Subaru Strategic Program

Wide-field imaging with Hyper Suprime-Cam:
Cosmology and Galaxy Evolution
A Strategic Survey Proposal for the Subaru Telescope

~170 collaborators

Satoshi Miyazaki (NAOJ)

survey chair: Masah|rc9<7l'%iléa@kallWata (NAOJ)

ollaboration team®: S. Abe!"), H. Aihara*®(®) M. Akiyama‘®, K. Aoki‘®, N. Arimoto*®, N. A. Bahcall®,
on'®, J. Bosch®, K. Bundy!®, C. W. Chen'”, M. Chibal™), T. Chlba(s) N. ? Chisari(®, J. Coupon‘™, M.

noki(g) S. Foucaud(lo), M. Fukugita(?‘), H. Fu.rusawa”!’), L Futamase("), G i Goto(“), J.E. Greene(e)‘

6) , T. Hamana!®® T. Hashimoto'®, M. Hayashi'®, Y. Higuchi‘*"(®)g C. =J. C. Hill’®), P. T. P. Ho*",

.Y Huangm H. Ikeda!'®), M. Imanishit®, N hmda(“g\“ oue®, W.-H. Ip™"), T. Ito®, K.
K.

Katayama®, T. Kawaguchi*®), S.
Kohno®, M. Koike®, E. Kokubo®, M.

r7, D. Lan (6) A. Leauthaud'®, M. J. Lehner'”, K.-
) P.S. Lykawka(m), K. Maeda‘®, R. Mandelbaum!*?| Y.
(2), T Miaeza,ki(z)Y H. Miyatake(s), R. Momose®, A. More!®, S.

&) 1. Kayo®, T. Kitayama!®, G. R. Knapp
: Komiyama("’), A. Konno'®, Y. Koyama®
Lin{”, Y.-T. Lin'("), C. P. Loomis®, R.
K. Matsuoka(1®)(23) 'y, Matsuoka“
J. Moriya®, T. Moroku '(2)

F. Nakata<5) H. Naka,y 1kawa( ) , C. C

ine(*¥) T, Na,gao’('zg), S. Nagataki(zg), Y. Naito!®, K.
) T. Nishimichi‘®, H. Nishioka'”), A. J. Nishizawa!(®),
®), S. Okamura'®®, J. Okumura'®*®, S. Okumura(*”, Y.

£ , K. Ot &(23) cl . Oy abu(‘z) P. A. Pnce(s) R. Quimby'®, ?), C. E. Rusu‘®» ® , S,
Saito!*, T. Smto(a) ) M Sato(12 ya(!’) K. Shlmasaku'(z) A. Sh)mono(a) S. Shmogl( 2, M. Shlrasa.kx( 2
3. D. Silver Spergel*(") ) M '(°) , H. Sugai®® | N. Sugxyama(m (3 D, Suto(z) Y. Suto*(z) K. Tadaki®
M. T R ) &kahas}u(:“) S. Takah ST Takata("’),T.T.Takeuchi“z),N.Ta.mum(B),M.Tanaka(s),M.Tanaka’(z)

M. Tanal™, Y. aniguchi(’a), A. Taruya‘®, T. Terai’®, Y. Terashima‘'®, N. Tominaga(®*?, J. Toshikawa®*®, T. Totani**
M. Tsait"), E. L. Turner*®, Y. Ueda®®, K. Umetsu("”, Y. Urata!?), Y. Utsumi®, B. Vulcani’®, K. Wada‘®*®, S.-Y. Wan%(")
W.-H. Wangm b Ya,mada("” Y Ya,ma;da("’) K. Yamamoto<34) H. Ya,ma.nm(!’) C-H. Yan”, N. Ya,sudam) A. Yonehara®®®
F. Yoshida!® N. Yoshida®, M. YOShlk&W&(as) S. Yuma(® (1) NCU, Taiwan (2) Tokyo (3) Kavli IPMU (4) Tohoku (5) NAOJ
(6) Princeton (7) ASIAA (8) Nihon (9) Tokyo Keizai (10) NTNU, Taiwan (11) DARK, Copenhagen (12) Nagoya (13) Ehime
(14) NNCT (15) Osaka Sangyo (16) Barcelona (17) NTU, Taiwan (18) Chicago (19) Tsukuba (20) Toho (21) Kinki (22) CMU
(23) Kyoto (24) Las Vegas (25) KIAA, China (26) Hosei (27) JSGA (28) ETH (29) Berkeley (30) GUAS (31) Hirosaki (32)
Konan (33) Kagoshima (34) Hiroshima (35) Kyoto Sangyo (353 JAXA
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Hyper Suprime-Cam
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Installing Hyper Suprime-Cam on the Subaru Telescope
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Sign In SUBSCRIBE: Home Delivery | Diaital

@ht {Dugl]iugtunjjogt PostTV  Politics Opinions | Local | Sport

Innovations

It's all about what's next

Che Telegraph

Home News world Sport Finance Comment Blogs Culture Travel Life Womg

Politics Obits Education Earth ECUTUIZM Defence Health Scotland Royal
Science News | Space | NightSky | Roger Highfield | Dinosaurs | Evolution | SteveJon

e[ UNIVERSITYof TENNESSEE
. KNOXVILLF
EXECUTIVE MBA FOR
STRATEGIC LEADERSHIP

HOME » SCIENCE » SPACE

Amazing view of Andromeda Galaxy captured

A stunning and detailed image of the Andromeda Galaxy is the first view of spa:
captured by the Hyper-Suprime Cam.

Technology Space Social Media Column = Editor's Corner = Archives

Email () Print [~k Reprints

A new look at the Andromeda G
Trask Industries gets a Web site
(Innovations in 5)

— B | Cinct S—
IO World politics  Business & finance  Economid) . English BEES News

Fed Options. In Your Hal

Dark energy
A problem of cosmic propo

Super telescope ¢
sensational image
galaxy

If you thought the Milky Way was the |

Three experiments are starting to study dark energy, the mg
universe. But a theory has just been published purporting

Aug 24th 2013 | From the print edition FiLike 1.2k ¥ Tweet 68

superb performance
HSC: 3 colors in 2.5hours HST: | color in 500 hours



accurate
mechanical
control

~ Transient survey now
"~ Real HSC data!
(open-use time) . .
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Power of nearly billion pixels g
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Difference image |

~30Bly

accurate calibration of photometry

Power of nearly billion pixels

43




Weak lensing mass map for ~20 sq. degrees field (2hrs data)

®KAVLI

«0)%\/1
| =2 \V

3d dark matter map

galaxies dark matter

combined with CFHT data: world largest area

46
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largest area 3d dark matter “map ir in the elale

| ~6Glyr
3°%4°

galaxy

dark matter

HSC Survey Fields

HSC-D

= =~ N

LASTNT—— W3

e .

\’\o ELAIS—N2
A Y& R.A.1%h
(]
A
A
N4/VPERS

AGT—ObYerved |  BOSS
N

I
i’

3 =
HSC-D/UD

0050 0089 0.159 0.282 0.503 | 0.895 | 1.594 112/838 1 I5I054NNSI000
Galactic Extinction E(B-V)

DEC

e HSC Survey Fields selected based on

— Overlap with SDSS regions, and overlap with other interesting
datasets (ACT CMB, NIR, spectroscopic surveys, ...)

— Low dust extinction
— Spread in RA
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Cosmic Shear

Angular scale [degrees]
10 1

1+1)c,/2m

T T 0.15
Lensing Power Spectrum
10741 ns=l400degz, n‘=20arcmin'z, 7,=0.22
= 0.1
s
107° z
o
0.05
1078
PR T R [T TN T S NN SR S SN NN S S
10! 10° 10° 0.2 0.4 0.6 0.8 1
multipole: [ Z
10 Wide-field imaging with Hyper Suprime-Cam
Data Wpivot Waq FoM Vg My tot [eV] fNL N Qg
BOSS-BAO 0.064 1.04 15 - - - 0.018 0.0057
HSC(WL)-B (baseline) 0.080 0.86 15 0.15 0.16 30 0.014 0.0041
HSC(WL)-O (optimistic) | 0.068 0.66 22 0.083 0.082 18 0.013 0.0040
HSC(WL+SN)-B 0.043 0.60 39 0.15 0.16 30 0.014 0.0041
HSC(WL+SN)-0 0.041 0.45 54 0.081 0.081 18 0.013 0.0040
HSC-0+[BOSS-P(k)] 0.028 0.36 99 0.038 0.076 17 0.011 0.0029
HSC-0+[BOSS+PFS] 0.027 0.19 196 | 0.035 0.07 17 0.009 0.0022

Table 3: Expected parameter accuracies for HSC cosmology using the Oguri & Takada (2011) shear method: The
“Baseline” case (“HSC(WL)-B") uses clusters with z < 1 and masses My, > 10**h~1 Mg, and without priors on
nuisance parameters, whereas the “Optimistic” case (“HSC(WL)-0”), uses clusters to z = 1.4, with some conservative
priors on nuisance parameters. The DE constraints listed in this table are also conservative in the sense that the errors
include marginalization over non-standard cosmological parameters such as 7,4, My tot, and fyr,. The rows denoted
“WL+SN” include the above HSC-WL and SNela measurements. The last two rows show the expected constraints
when we combine the HSC observables with spectroscopic surveys, BOSS and PFS (see Ellis et al. 2012 regarding
the planned PFS survey). The joint constraints assume that the HSC-WL observables can remove the spectroscopic
galaxy bias uncertainty, by comparing the galaxy clustering with the dark matter distributions reconstructed from
the HSC-WL observables. This analysis does not include constraints from cosmic shear, which is largely independent,
with different systematics, and serves as a valuable cross-check.



848

PFS parameters

2400 fibers, 128um, microlens f/2.2—f/2.8
FoV: |.3 degrees

share WFC with HSC

4 spectrographs for 600 fibers each

A=0.38—1.26um with three arms

2800—6400 nm R~2500 |Hamamatsu (special coating)
| red | 6400-9550 nm [R~3200, 5000 Hamamatsu (same as HSC)
955012600 nm| R~4500 | Teledyne HgCdTe (<1.74)

hmdmudih uimifl i
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Medium Resolution

® re-evaluation of galactic archaeology:
dynamics study found very exciting
together with the GAIA data, now with
medium resolution option R~5000 for red
® simple design with little risk

Low resolution - grating Medium resolution - grism
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Major Milestones

Jan 201 | endorsement by Subaru community
Dec 201 | MOU between IPMU & NAO)]
Mar 2012 CoDR

Oct 2012 Requirement Review

Feb 2013 PDR <3

now subsystem CDRs %/
Jan 2017 System Integration, tests

Dec 2017 Operational Readiness Review
Early 2018 First Light (engineering)

Publ. Astron. Soc. Jpn (2014) 66 (1), R1 (1-51)

doi: 10.1093/pasj/pst019

Advance Access Publication Date: 2014 February 17
Review

Review

Extragalactic science, cosmology, and Galactic
archaeology with the Subaru Prime Focus
Spectrograph

Masahiro TakapA,' * Richard S. ELLis,? Masashi CHiBA,® Jenny E. GREENE,*
Hiroaki AIHARA,"® Nobuo ArRiMoTO,® Kevin Bunpy,! Judith CoHEN,?

Olivier DORE,>” Genevieve GRAVES,* James E. GUunN,* Timothy HEckmaN,®
Christopher M. HIraTA,? Paul Ho,® Jean-Paul KnEiB,'® Olivier LE FEVRE,®
Lihwai LiN,® Surhud MoRgeg,! Hitoshi Muravama,’- ' Tohru NaGao,?
Masami OucHi,'® Michael SeiFFERT,>7 John D. SiLVERMAN,’

Laerte SoDRE, JR.,'* David N. SPERGEL,"* Michael A. STRAuss,*

Hajime Suagal,’ Yasushi Suto,® Hideki Takami,® and Rosemary WysE®
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BAO: standard ruler M Takada

Primordial sound 3
wave, now 500 @

Million Light ™

Years across. )

0.04

0.02

0.00

o2
50 100 150
Comoving Separation (h-' Mpc)

Eisenstein et al. (05)

Dark Energy Task Force Report (DETF)

a. The BAO technique has only recently been established. It is less affected
by astrophysical uncertainties than other techniques.

30

D

Ripples, Ripples, Ripples

z=1 z=2.2
751 original | 30l original
5% 5%
10 0
I *
< 70t 1=
= T \\\
651 linear P(k) | 1 linear P(k)
0 0.2 0.4 0 0.2 0.4
k (h/Mpc) k (h/Mpc)

ELGs [OIll] > 8.50, |5 min exposure



a[Dy(2,)1/D,(z,) [%]

olH(z,)]/H(z,;) [%]

Dark energy density: Q  (z)
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'An'gullar Diameter Distance I I I
ST V=4.4r"3Gpc® (10000deg?) ]
BOSS 0.5<z<0.7
- Planck ]
o —_ =
SuMIRe PFS z~1 SuMIRe NIR
5L 203 0.8<z<18 1.6<z<2.4 4
V=1n-%Gpc® v=4.0n"%Gpc® v=5.3n"%Gpc®
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redshift survey without gaps
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galaxy evolution
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“Progress of code development: 2nd-order Einstein-
Boltzmann solver for CMB anisotropy”

Takashi Hiramatsu

[JGRG24(2014)111402]
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10-14 Nov 2014 @ Kavli IPMU

Progress of code development

2nd-order Einstein-Boltzmann solver

Takashi Hiramatsu

Yukawa Institute for Theoretical Physics (YITP)
Kyoto University

Collaboration with Ryo Saito (APC), Atsushi Naruko (TITech), Misao Sasaki (YITP)

Introduction : Non-Gaussianity

Focus on the statistical property of fluctuations...

Non-gaussianity can distinguish between inlation models
(slow-roll, multi-field, DBI inflation, etc.)

(C(k1)¢(ka)¢(ks)) = (2m) Be (K, ka2, k)0 (ki + ka + k)
... parameterised by fNL,

N L - -
primordial generated by
non-linearity

To evaluate the total amount of fNL from non-linearity is an important task.

3 Boltzmann solvers for 2nd-order perturbations are available, but
the resultant fNr, is not converged... Do it ourselves !

2/18



Introduction : current status of my code

Ist-order perturbations 2nd-order perturbations

+angular power spectrum Implementing basic equations 1

Qualitative check
Quantitative check with CAMB

2nd-order line-of-sight formula
NoW=__

R.Saito, Naruko, Hiramatsu, Sasaki, JCAI_?10(2014)051
Bispectrum estimator [arXiv:1409.2464]

Implementing basic equations 2

Speed-up + Optimisation

v
Lst-ord er | —Ep o
2nd-order NG

35%

1st-order perturbation equations

of = —ref -
: 1 1 1
o] = gk(—2@2T +05) +7 (@? + —vb> + =~k

Photon temperature _ 1 s 1 )
01 = gm—s@g +207) + 7 (@g — 1—011)
. T - \T
o = ST [—(t+ 1O/ 4 +(0,_,] +76;
Photon polarisation Massless neutrino temperature
of = —kef ++ (@OP - %H) Ono =1—k‘@N1 — @ .
. 1 oY\ A N N -
O = k(—20b + OF) +7OF O1 = 3k(=20; +6q) + kT
: . 1
o = ék(—?)@g +20P) ++ (@5 - 1—10H 03 = =k(-303 +207)
: 1 _ i 1
o) = 2" [—(0+ )0 + 00y ] +76; | o) = ik [—(£+ 1)1 + (07 4]
CDM, baryon Gravity
5(: — kv, — 3q-) (conformal Newtonian gauge)
Sb = —ikvb — 3@ 2 2
) U b= 2o w4 50
Ve = —Hve — 1 ) =34 %Y 0

vy, = —Huop — kW + i(Ub + 3iO11)

hﬂﬂ
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Line-of-sight integral

Large Boltzmann hierarchy, say ¢ < 2000, is required, but it is too hard to calculate...

Up to last-scattering surface,

superharizon scale

<j %%kn<<1

kn . _
N N N i

®e_|_1 ~ —2 @g <K @g tight-coupling
H<LT

k
T,P N ~T,P T,P

So, to guarantee the accuracy of ©y<o, P, 4y, dc, vy, Ve

lmax ~ 15

After LSS, we use the integral representation, line-of-sight formula.

Seljak, Zaldarriaga, APJ 469 (1996) 437

O¢(k,m0) = /Ono dn S(k,n)jelk(no — n)]
3 &2

(k) = g(n) [0+ (O -+ 11) | + £ lun(h )]+ 5 7 la)T

te T [\i’(k,n) — fb(km)}
visibility function g(n) = —7e™" optical depth (1)

0
80 70
70 60
60 4
ol 2~ 1089 ] = opti
40 “or
30 1 o
0l ] .suppressing ea
10 1 «contributions
0 0 500 1000 15‘00 2000 ° 0 5(‘30 140‘;; 1;00 2000
z z
e\ -
oS e O10 O10
O Or1
Cy < Opy SUb : Or2
C3 < Or; -
: SUk: Or1s
C1000 < OT1000 directly solving
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Initial conditions

Deep in radiation dominant epoch where all modes are t H
larger than horizon scale. We set z;, = 1.44 X 10° - /
El
Adiabatic initial condition L
de = 0p = 30719 =30OnN0=C :
k “in time
unchanged potential, Vp = Ve = —3071 = —30ON1 = ﬁg
. 2 2
similarly fluctuated == <1 + —fV>C\/
radiation dominant 3 97y nmeﬁfilr?cs)?‘raction : f=pu/
10 . v — Pv/PR
V=——"F-y
15+4f,
Separating primordial (quantum) curvature perturbation, we focus on
the transfer functions,
(I)(ka 77) = E(ka ﬁ)C(k, nin)
NI quantum
classical
7/18

Angular power spectrum (1st-order)

Angular power spectrum

2 o
_ 2 2
Co=— [ dkk™Te,(k,n)"Pc(k,nin)
T Jo
7000 o N emb2nd BUO0 oo Tombznd
wlo reionisation | | caE w/ reionisation [\ 48—
6000 - [ 0 . g
[ 1 -0.1% 5000 |- [
& [ { l\\ -1.6%
L [ - /
ﬁ 2000 [ PRELIMINARY [ |
— | [ |
o 4000 - | \I | |
N / \ 3000 [ | .
" 3000 |- / b oa g 4 ,/ ‘.
Si o / A o / "\ A
~ ot ';7 & / VU 28% 00 '1/“’ /’ VU 420
a ‘.
§“ 1000 - T '”ﬂ‘nm/ 4 000/ e "f‘.‘lm'/ 4
\ \
\'\ \,\
0 L L ! ! L L 0 Ll Ll Ll L
1 10 100 1000 10000 1 10 100 1000 10000
existing codes A2 (kpivor) = 246 x 107°  h’Qepy = 0.114
CMBFAST : Seljak, Zaldarriaga, APJ469 (1996) 437 -1 2
CAMB : Lewis, Challinor, APJ538 (2000) 473 kpivot = (0.002 Mpc h=Qlp = 0.0226
CLASS Il : Blas, Lesgourgues, Tram, JCAP 1107 (2011) 034 _ -
CosmolLib : Huang, JCAP 1206 (2012) 012 ns = 096 h=0.7
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Go to 2nd-order

2nd-order contributions appear in...

® Einstein-Boltzmann equations for 2nd-order quantities sourced by [1st-order]’

CDM+Baryon+Gravity have been implemented,
but Baryon-Photon/Gravity-Photon couplings are not considered yet.

...Skip this topic in today's talk...

CMBqu ick CMBquick : Creminelli, Pitrou, Vernizzi, arXiv:1109.1822
SONG SONG : Pettinari, arXiv:1405.2280 (thesis)
CosmoLib2nd CosmoLib2nd : Huang, Vernizzi, arXiv:1212.3573

® Line-of-sight formula sourced by [1st-order]®

Formulations of “curve”-of-sight have been completed by ...

R.Saito, Naruko, Hiramatsu, Sasaki, JCAP10(2014)051 [arXiv:1409.2464]
(cf. Fidler, Koyama, Pettinari, arXiv:1409.2461)

2nd-order line(curve)-of-sight formula

kashi Hiramatsu

R.Saito, Naruko, Hiramatsu, Sasaki, JCAP10(2014)051 [arXiv:1409.2464]

A3y d3k
) — / WTUU(kl,kz,nom)C (k1)¢(ke)

To N . /
T (ks ke, Dobs) = F (Robs) / dnf Fo(k1)S (ky, n )e't mavs(m=1')
0

) /dnl FT(I;Q)T(k27 1, n/)eikz'n‘)bs (no—m)

We found 7 combinations in this formula,
[Fluc. on LSS] x [gravitational]
Source x ISW

Source x Lensing
Source x Time-delay

Source x Deflection 0X
[gravitational] x [gravitational]
ISW x ISW o L ----- P
ISW x Lensing @

ISW x Time-delay

10/18
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Spergel, Goldberg, PRD59(1999)103001 [astro-ph/9811252]
. Goldberg, Spergel, PRD59(1999)103002 [astro-ph/9811251]
Source x Lensing Seljak, Zaldarriaga, PRD60(1999)043504 [astro-ph/9811123]

Planck collaboration, A&A 571(2014) A24 [arXiv:1303.5084]

S(k1,11) = thagof) o + ] + 4 (L0 ) 1 apy (2 foty

T(ka,m,n') = ka(m —n') [¥(k2,m) — ®(k2,m)]

F(nobs)FS('iﬂl)FT(];Q) = — Z (Z.EA : ]%1)(7;6/\ . /;’2)
A=+
Bispectrum / Spin-weighted Gaunt integral

. . 770
Bzégzgms — 2[1 + ( 1)€1+Ez+£3]ggfé:232m3,(+1)( 1)0/ d /bg (n/)bg; (77/) +5 perms.

2 [y (¢ k
05,0 = 2\ L 2P T, ) 2y s o — )
s ki(no —n')
2 (¢ o k
bi,(n') = ;\/ - + / dm /dkz k3 Pe(k2)To,, (k1) ki(;;T n))JeQ [ka (110 — m)]

All 7 combinations have been implemented in my code.

11/18

Shape of bispectra
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Bispectrum templates

Takash

Bispectrum
(C(k1)C(ka)C(k3)) = (2m)>Be(ki, k2, k3)d® (ky + ko + k)

Bartolo et al., Phys.Rep.402(2004)103 [arXiv:astro-ph/0406398]

Amplitude and shape of bispectrum

Amplitude parametrised by fnr,

local-type /\
C(x) = Cn(x) + fu(CE — (¢2)

(
e Blocal _ 2flocal [Pg(kl)PC(]{jQ) + 2 perms] <P¢(k:) x %)

\ equilateral-type \ A

BEM = 6 fot [ P (k1) Py (kz) + 2 perms + {Pg(k1)1/3Pg(k2)2/ SP(ks) +5 perms}}

orthogonal-type \
B‘)“hO = ¢ futho [ 3P¢(k1)P¢(k2) + 2 perms + 3 {Pc(k1)1/3pc(k‘2)2/3pc(k‘3) +5 permsH

+ a variety of non-separable types Planck collaboration, A&A 571(2014) A24 [arXiv:1303.5084]
13/18

Fitting bispectrum to templates

Using the least-square method, we determine the fitting parameter [ 1£H)4 so that

2
(%)
Elna,x (B£1£2€3 E NL €1£2£3

X is minimised.
2<0, <ls<ls Ly taty
local-type
equilateral-type
orthogonal-type
(¢) (4)
Fi = Z B£152€3B€1€2£3
- 2
2<tilo<t,  Chbals @) i
) fai, = E)YG
GJ = Z B£1£2£3B€1€2€3

0.2
2<1 <ly<l3 £18283
- Komatsu, Spergel, PRD63 (2001) 063002
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PRELIMINARY

(The following values would chang through bug-fixing)

Local Equilateral Orthogonal
Source x ISW -0.082 1.7 -0.37
Source x Lensing 3.4 220 -170
Source x Time-delay 21 -49 79
Source x Deflection 0.019 -3.2 2.0
ISW x ISW 0.000030 0.68 0.20
ISW x Lensing 0.029 3.5 -2.2
ISW x Time-delay -0.052 -0.43 -0.043

Planck's analysis : 11\IeESing ~T7 — fNL~27£58

“Source x Time-delay” seems to be larger than expected. Many bugs still stay
in my code ... ?

Here is the frontier of my code development..

Summary : overview of my code

- Full scratch development, completely independent of existing codes
- C++
- Parallelised by OpenMP

- Time evolution : 1-stage 2nd-order implicit Runge-Kutta (Gauss-Legendre) method
(implementing up to 4th-order schemes)

- Line-of-sight Integration : Trapezoidal/Simpson's rule
- Interpolation scheme : Polynomial approximation (up to O(h”))

- Ready for implementing a variety of recombination/reionisation simulators

- Fast evaluation of spherical Bessel functions, and (specific) Gaunt integrals

16/18



Summary . current status S

0 =
Takashi Hiramatsu

- 1st-order looks fine ! (except for reionisation)

- We implemented 2nd-order Boltzmann equations only for gravity and matter.
(skipped today)

- We implemented “curve”-of-sight formulas (2nd-order line-of-sight)
for scalar contributions of temperature fluctuations.

- Bispectrum estimator has been implemented, and preliminary results
are obtained. But, many bugs still stay in my code ... ?

17/18

Summary : to-do and application ?

To-do
- Check the reionisation models used in Boltzmann solver
- Implement pure 2nd-order Boltzmann equations for radiation

- Bug-fixing of bispectrum estimator

Applications ?
- 2nd-order gravitational waves, magnetic field from [1st-order]”
- curve-of-sight for polarisation
- curve-of-sight for [Scalar] x [Tensor] & [Tensor] x [Tensor]

- y-distortion to photon's distribution function ?

18/18
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“Studying the inflationary Universe with gravitational
waves”
Tomo Takahashi

[JGRG24(2014)111403]



Studying the inflationary Universe
with gravitational waves

Tomo Takahashi
(Saga University)

JGRG24, Kavli IPMU
14 November, 2014

Ref: Ryusuke Jinno, Takeo Moroi, TT 1406.1666, |CAP

What we want to know about
the inflationary Universe

® What is the inflaton?

- Shape of the potential?
- Structure of the kinetic term?
- Number of fields?

® What is the origin of density fluctuations?

- Inflaton?
- Some other field (e.g., curvaton)?

® What is the thermal history after inflation?

- Reheating temperature?
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Probes of the inflationary Universe

® Primordial scalar fluctuations
-- Power spectrum (amplitude, scale-dependence)
-- Non-Gaussianity (bispectrum, trispectrum)

® Primordial tensor fluctuations (Gravitational waves)

ds? = —di* + a(t)? [1 +(uy) da'de’

hij =V8rG > / d*k €% (hy,(t))es; (n)

A=+,%x

(hiey by} = (2m)*8(Ry + ko )Pr(k1)

Probes of the inflationary Universe

® Primordial scalar fluctuations
-- Power spectrum (amplitude, scale-dependence)
-- Non-Gaussianity (bispectrum, trispectrum)

® Primordial tensor fluctuations (Gravitational waves)

-- Tensor power spectrum (amplitude, scale-dependence)

Pr(k) =Pr(kret) (kk f)nT
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Tensor power spectrum

Pr(h) =Pr (i) (1)

) Pr
® Tensor-to-scalar ratio » = P_c

Planck:

r<0.11 (95 % C.L.)
[Planck, Ade et al.1303.5082]

BICEP2:
r=0.201500  (68% C.L.)
[Ade et al, BICEP2 1403.3985]

Tensor power spectrum

Pr(t) = Prlkuc) ()

® Tensor spectral index

BICEP2 alone:
nr=1.36+0.83 (68% C.L.)

BICEP2 +TT prior:

nr =1.67+0.53 (68% C.L.)
[Gerbino et al. 1403.5732]
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Observables of gravitational waves

® Amplitude

® Spectral index nr

Consistency test of inflation

001

® Standard inflation model

0 p

ny = —2¢ r oo |
- N7 = — ¢ 5
r = 16¢ b

np = —r/8

8 £ 002

-0.03

0.04

® Curvaton model (inflaton+curvaton)

-0.05

0 001 002 003 004 005

nr = —2¢
— ;= —(1+R)~ P
16¢ ' 8 =00
r =
1+ R R—0: (pure) inflaton case

R— 00: (pure) curvaton case
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Observables of gravitational waves

® Amplitude

® Spectral index nr

® Reheating temperature TR

1 dvaW
Pt dInk

GW spectrum: Qcw(k) =

S 2 32
PCGW = 61 Ca? <(8Th1j) + (thg) >

4 ‘
10 ' Equation of motion:
OO T daHR! — Vhy; = 0
5 ij T A ij =
10° 1
10 |
Z 10
. 1012 ¢
0L
standard inflation (nT=-2¢)
10716 |
10718 ‘ ‘ ‘ ‘
10 10 10 10” 10° 10°

Frequency (Hz) ( f=k / 27 )



GW spectrum and thermal history

® Taking into account the thermal history (e.g., reheating
after inflation), GW spectrum changes.

01 @ (Infiaton) ;

Py X a Qaw X k2

pr o< a?

Qaw o const.

> time (scale factor)

B Inflation _ RD

< >

A

GW spectrum and thermal history

® Taking into account the thermal history (e.g., reheating
after inflation), GW spectrum changes.

standard inflation (nT=-2¢)

(TR=1078 GeV)

10" 107 10°
Frequency (Hz)

-20 -15

10 10
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How can we observe GWs!?

® We consider here future space-based interferometer
direct detection experiments such as DECIGO.

® Future space-based exp. are sensitive at f ~ | Hz.

¢ We may be able to probe nT very precisely.

e We may be able to probe TR.

[http://www.personal.soton.ac.uk/nils/rsweb/thefacts.htm]

Probing inflation with future direct
detection of GWs

® Future space-based exp. are sensitive at f ~ | Hz.

" [Jinno, Moroi, TT 1406.1666]

1014
105 |k
-16

10 F

3 L

9 17 [

a 107 F

1018 F

10" |

10> 10° 10
f[Hz] (Fiducial model: quadratic chaotic inflation)



Expected constraints

[Jinno, Moroi, TT 1406.1666]
See also Kuroyanagi, Nakayama, Yokoyama 1410.6618
yanag Y Y

® Fiducial model: TR = [0r7 GeV

(BBOstd is assumed.)

—15.5} —15.5
—15.6 -15.6
g _157 & 157
< <
371*15.8 ‘§071548
B ~159} -159
~160] -160 i
e G R s 55760 65 70 75 80 85 “35760 63 70 735 80 85
a ‘ N ' - ’ ’ log,oTx logTx
log,oTx
(nT fixed) (nT marginalized) (Qiew marginalized)

(Blue: AX"2=5.99, Tobs =1,3,10 yrs)

(Fiducial model: quadratic chaotic inflation)

Expected constraints from ultDECIGO

® Fiducial model: TR = [0A7 GeV

~0.03
—15762} —15.762]
—15.764] ~15.764] ] —0.04
5 —15.766} 1 E —15.766L 1 oost
S —15.768) 1 & -15768¢ 1 s
& @ ~0.06}
2 -15.770} 1 2 -15.770} ]
~15772} ~15772} ] 007t
~15.774} ~15.774} ]
6.980 6,990 7.000 7.010 7.020 6.980 6990 7000 7010 7020 %80 6990 7600 7010 7020
log,oTx log;oTr log;oTr
(nT fixed) (nT marginalized) (Qiew marginalized)

(Fiducial model: quadratic chaotic inflation)
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Expected constraints

® Fiducial model: TR = 079 GeV

(BBOstd is assumed.)

155 -155 30
25
-156 1 ~15.6} ] z‘oi\ i
1SN ]
Z-157 M Z-157 1 —j
& ((\_ S — N T ]
% > ——
& -158 N 2 - 158 S— 05
- —_ ~—————
] 00 \ 1
-1590 ~159 05 :
-16.0, ‘ s ‘ s -16.0, ‘ : : : ~10; 6 7 8 9 10
Y56 7T 8 9 10 S5T6 7 8 9 10 ; ?

logyo7r

log,oTx logjo7k

(Qicw marginalized)

(nT fixed) (nT marginalized)

(Fiducial model: quadratic chaotic inflation)

Expected constraints from ultDECIGO

® Fiducial model: TR = 1079 GeV

—15.7665 —15.7665 —0.048}
—~15.7670} -15.7670 -0.050¢
L —157675} L 157675 —0.052¢
g 2  —0054
G 157680 2 —15.7680 S 0056}
% g
° —15.7685 —~ —15.7685 —0.058F
—0.060F
~15.7690f —15.7690 0062
~15.7695 B! ]
15,7695 5 6 7 8 9 10 56 7 8 9 0
log,oTr 10%10TR logoTr
510
(nT fixed) (nT marginalized) (Qicw marginalized)

(Fiducial model: quadratic chaotic inflation)
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log lOTRmin‘ log lOTRmux

Reheating temperature .\

® We may be able to obtain upper/lower bound for TR

9 (nT fixed) (nT < 0) (-1 <nT <0)
T T L T T 9 T T T T
85 | 1 . st L 85 :
8 | ’ g 5 [_f sk | | A
6.5 b : e Z 65
L = = .
6F BBOstd N BBOstd o Of BBOstd
55F BBOgrand 4 S 55 BBOgrand 1 = 55 F BBOgrand i
5 u‘ltDE(‘:IGO‘ e s u‘ltDE(‘IIGO‘ oo s ‘ u‘llDEC‘IGO‘ e
6 65 7 75 8 85 9 6 65 7 75 8 85 9 6 65 7 75 8 85 9
logTr log;oTx log(Tg
(Fiducial model: quadratic chaotic inflation)
L] L] L] .
Expected sensitivity: Amp.and nT
| yr
BBOstd ultDECIGO
—-0.052+
0.00F
—-0.02} —0.054+
~004 . —0.056}
£ ~0.06} =
008l ~0.058
-0.10¢ —0.060+
-0.12¢

~15.769 —15.7685 —15.768
logoQicw

215775 —15.77 —15.765 —15.76
log;oQicw

(Fiducial model: quadratic chaotic inflation)

(We have chosen the pivot scale such that correlation between Omega_GW and nT vanishes.)
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Consistency test of inflation:
yet another test!

® Standard inflation model

nr — —2¢€
r = 1Ge

r

= 1l = — —

® Curvaton model

Y

nr = —4€
16e
T =
1+ R

8

—»nT:—(1+R)8

r

001

£ 00 (?
003
-0.04

-0.05

001

0 b

0 001 002 003 004 005

o)
_"
= 5@

P

R—0: (pure) inflaton case

R

R— o0: (pure) curvaton case

Yet another consistency test!?

nr = —0.02

004

002

n
o

-002 |

-0.04 +

three

ns = 0.96

Y

0005 001

lines

0.015

€

002 0025

0.03

ng = 1 — 6e 4 27

ny = —2¢
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Expected sensitivity: nT and &T

| yr
BBOstd ultDECIGO

0.2 0.01]
0.1}

0.00}

5 00} 5
ol ~001}
—0.2¢ —-0.02}
—03615—010 —005 0.0 20062 —0.058 —0.054 —0.050
nr nr

(Fiducial model: quadratic chaotic inflation)

CMB+spaced-based GW exp.!

® CMB and future space-based GW scales are so
different. Need some care when we use both CMB
and direct detection GW obs.

10'5’:....,....,....,....5....:
3 0“ model J

. 100 | CMB
Q: F

I numerical

21:5 o direct

3rd detection

4th --eeeeee

11 5th

1007 F \ 6th E

PR BRSSP B

-20 -15 -10 -5 0 5
log, (FHz)

[Kuroyanagi, TT 201 1]
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Summary

® Gravitational waves would be very useful to probe the
inflationary Universe.

(If confirmed to be sizable amplitude in any observations.)

® Probing the tensor spectral index would give crucial
consistency test of the inflationary Universe

® Future direct interferometer experiments may probe
the rehearing temperature.

® Even higher order scale-dependence of GW may be probed
and it would give an important test of the inflationary
prediction.
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“Instabilities of extremal black holes in higher dimensions”™
Akihiro Ishibashi

[JGRG24(2014)111404]



Instabilities of extremal black holes
in higher dimensions

Akihiro Ishibashi

(Kinki University)
JGRG-14 Nov. 2014 at IPMU
based on arXiv:1408.0801 w/ S. Hollands

BH Classification problem in Higher Dimensions

* No uniquness in D>4 GR ~ Area (same M)

ll Rotating Hole
Thin Ring

is yet under way Fat Ring

e Classification of them

3 Black Objects

To classify =8 need to study their stability

Instabilities are signals of bifurcation to something
different, implying more variety of solutions.
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Phase space of Higher Dimensional BHs

We need criteria for the onset

887

S . Horizon area

of instabilities of rotating - BHs

7t Ze

Non-rotating BHs

Stable “

Dias et al 09

Instability

- Bifurcation:

e Qo

J J ¢ Angular momentum

New branch of solutions

However, the phase space is so large---

Start wih classifying Extremal black holes

* Limit of zero Hawking temperature
Ty — 0

* Play an important role in various contexts
e.g. Supergravity
Entropy counting
Kerr/CFT

* Boundary of the space of all BHs

Horizon Area

( M fixed )
\ Extremal limit

4D Kerr hole
J2

Classify “boundaries of the solution space”

from the stability view point

5D Myers-Perry hole
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Stability analyses

* Linear perturbation analysis
* Nice to have master equations,
e.g., Teukolsky equationsin 4D

* Unfortunately there is no Teukolsky type
master equation for higher dimensional
(extremal/non-extremal) black holes

To classify extremal black holes ...

* Helpful to study “near-horizon geometries”
which
* arise as a scaling limit of extremal black hole
* satisfy the same dynamics
* possess more symmetries

* admit Teukolsky type master equations



Near Horizon Geometry (NHG)

ds® = 2dudp—p2adu2 — deuBAda:A—I—uABd:EAd:cB

* Diffeomorphism
(u, p, ) = (iep, wA)
€

e Scalimg limit € — 0
@, Ba, LaB become functions of z*

ds? = L* ds* + g1y (do’ + k' 4)(d¢” +k/ A) +do7_,_,
AdS; |ds$? = —R*dT? + dR—}f ‘ A= —RdT

Near-Horizon scaling Carter 72

AdS,

A horizon neighborhood

Near-Horizon Geometry
of Extreme black hole
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Durkee & Reall conjectured that

When axi-symmetric perturbations on the NHG violate
AdS, -BF-bound on the NHG, then the original
extremal BH is unstable

... based on numerical results:
Durkee-Reall 11

Purpose
We show this conjecture by using
- Hertz-potential
 Canonical energy method
* Initial data correction

NHG Original BH geometry
S
-
< S
5 >
e =
E <
()]
et
a5 .
Master l:.'quatlons No decoupled Master Equtions
available Apply Canonical-Energy Method for Initial Data
<==m Matching initial data by scaling ==)
Attempt to construct Construct negative canonical
negative energy initial Energy for the BH initial data

data on NHG

890
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Decoupled Master equations on NHG

Thanks to high symmetry of NHG, metric perturbations Yu»
is written in terms of Hertz potential

U4 = l//-YAB-exp(im-Q)

that obeys A4dS, Klein-Gordon equation

1%y 9 7 ,0y\ 2igdy
_F8T2+&R(R 8R)_ R IT

AY =AY, £y9pY =0

— Ay =0

where o7 is 2"d-order operator on the horizon section

We show the following theorem:

4 If the eigenvalue of 7 violates the effective BF-bound )

1
A< ==
4

then the original extremal black hole is unstable

.
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Canonical energy for initial data
Hollands-Wald 13

K 652

w IGRPadeef(Yzchdhef YioeVatrer) i 22 12

351 5 59&1
1
Symplectic form W(Zn, ) E/*W(g; ) \/
z

Canonicalenergy  £(X.y) =W (v, £xy) —B(8.7) —C(€.,7y)

Symplectic current

1 b
1) & is gauge invariant B(#.Y) =35 [% ¥ 60u

2) & is monotonically decreasing C(%,7) = / FON,
for any axi-symmetric perturbation 3

Construction of a perturbaton with
negative canonical energy

* For initial data: (fo.f1) = (W‘T_(]:%‘V‘T_O)

RE\I
(R+S)N+l/2(l+RN61/(1_R)) ’

for0 <R <1land fp(R)=0forR> 1.

JSo(R) =

S1(R) =0

1
&= (A + (A% +2a° A +a* —9a” + 1) loge 1 +0O(1

)
where a=k-m

Ifa=0 &<0 ford < — }1 and sufficiently small € > 0



This energy expression holds only on NHG,

not on the original BH geometry.

One can correct it to hold on the original BH geometry
by using Corvino-Schoen’s method.
Corvino-Schoen 03

Summary

* We have proven Durkee-Reall conjecture that extremal
black holes are unstable when the eigenvalue ) of the
operator <7 is less than the effective BF bound —1/4

The stability analysis is thus reduced to an analysis on

the horizon cross-section, which is a much simpler problem
than analyzing the perturbed Einstein equations.

* Our proof uses
(i) Canonical energy method
(i) Symmetry of the NHG and Hertz potential
(iii) Structure of the constraint equations

* Our method is applicable to rotating extremal AdS BHs
and also for near-extremal BHs
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Stellar oscillations in Eddington-
inspired Born-infeld gravity

Hajime SOTANI (NAOJ)

alternative theory & EiBI

e general relativity has been successful in explaining the
phenomena and experiments in weak field-regime
— the tests of general relativity in strong field-regime are still quite poor

— several modified gravitational theories are proposed

« Eddington-inspired Born-Infeld (EiBl) gravity (Banados & Ferreira
2010)
— avoid the big bang singularity
— based on
the Eddington action & the nonlinear electrodynamics of Born-Infeld

— the metric and the connection are considered as independent fields,
as in the Palatini-type approach to GR

— EiBI can deviate from GR only when the matter exists
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field egs. in EiBI

e action
:E;/d4x( |g,uu+KR/w| _A\/_g> _'_SM[g’ \IIM]

— the limit of §,,=0 or k=0 reduces to the Einstein-Hilbert action
— EiBIl in such limits coincides with general relativity

e parameters in theory
— A AHA-1D/k
— A =1 to focus on the relativistic stars with asymptotically flatness
— K : the dimension of length squared

» field equations an auxiliary metric

1
Fﬁ/} - EQ”W - Qaﬁ,(f)’
: Gpw + KR,uw

tandard - T T
V=G4" — /=59 — 8m<\/@ standard energy-momentum tensor

with indices raised with g,W

2014/11/14 JGRG24@Kavli IPMU

spherically symmetric ob jects

e mertric
Gudxtdx’ = —e?di* + e*dr? + f(d6? + sin®0dg?),
G dxtdxt = —efdr* + e*dr? + r?(d6? + sin?0dg?).
¢ assume the perfect fluid
" = (e + p)u'u* + pg"
e TOV egs. in EiBlI

N + equation of state (EOS)
M= e [ﬁ " ab + 2} ’ — one can determine the
2m 2p' stellar models in EiBI
e =1—-——"—, V=-—
r €+ p

I — —e? 2£+L £+L_2 2 + 4k i_A'_L -
= rr 2k \b> ab e+p b*  a’c?

— where a=+/1+8znke and b= +/1 —8zkp

2014/11/14 JGRG24@Kavli IPMU



constraint on K

¢ the constraints on Kk are discussed in term of the solar
observations, big bang nucleosynthesis, and the existence of
neutron stars

k| S 1mPkg™1s™2 (Panietaizotn)

* we adopt 8 & 5 kK as a normalized constant
- 8 e |k|s75

2014/11/14 JGRG24@Kavli IPMU 5

stellar models in EiBI

+ with FPS EOS
207

1.5}

10}

MM,

0.5}

— one can observe the obvious deviation from the predictions in GR, if
EOS is known

2014/11/14 JGRG24@Kavli IPMU 6
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uncertainty in MR due to EOS

e expected MR relation for EOS with stiffness between FPS
and Shen EOSs

2.5 [ T T T ]
. EiBI ]
20k s
r L= —— \ 0.03 .
2@ 1.5 — e \ _
S : ."" ! “‘ GR .= :
10 ; - ] §
T R = ; ]
05F -003 % AC —— - §
! even if 8me, |k 1=0.03,

oL~ 1. it might be difficult to distinguish the

8 10 gravitational theoy by using the direct

mesasurements of M & R
2014/11/14 JGRG24@Kavli IPMU 7

how to distinguish

e we consider the possibility by using the stellar oscillation
spectra (HS 20 14b)
— in GR, it is known that the frequencies of f-mode oscillation are

almost independent of EOS, which depend only on the stellar average
density (M/R3)1/2

a.0

3.2 '/, -
] E— 7L
=7 a wr(kHz) = 0.78 + 1.635 <?>

(M/R®) 2

Andersson & Kokkotas (1998)

2014/11/14 JGRG24@Kavli IPMU 8
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frequencies of f-mode

e f-mode frequencies in EiBl are expected,
— positive Kk :lower average density — lower frequencies

— negative Kk :larger average density — larger frequencies

3.6- """"" T T T T LB L L B B T

il

33}
30¢
27

J;(kHz)

2014/11/14 JGRG24@Kavli IPMU

uncertainties due to EOS in
fundamental oscillations of f-mode

¢ expected f-mode frequencies of NSs constructed with EOS

with stiffness between FPS and Shen EOSs
4.0 S — R — :

35F  EiBI(-003) e e _:

J;(kHz)

 EiBl with 8mg, |k 1=0.03 could be distinguished from GR
independently of EOS for NS matter.

2014/11/14 JGRG24@Kavli IPMU 10
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conclusion

e we focus on the oscillations of relativistic stars in EiBI.

e we find that the frequencies of stellar oscillations strongly
depend on the coupling constant in EiBI.

¢ we show the possibility to distinguish EiBlI from GR via the

observation of stellar oscillation spectra (or GWSs).

— EiBl with 877, | K 1=20.03 could be distinguished from GR
independently of EOS for NS matter.

e with the further constraints on EOS, one might distinguish
EiBl even with 8¢, |k [=0.03 from GR.

2014/11/14 JGRG24@Kavli IPMU 11
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Inflationary cosmology in R*

gravity with quantum corrections

Main reference: Phys. Rev. D 90, 023525 (2014)
[arXiv:1404.4311 [gr-qc]]
The 24th Workshop on General Relativity and
Gravitation in Japan (JGRG24)
Kavli IPMU, the University of Tokyo

A 14th November,
Sss 2014

&\ Ochanomizu

v.” University

Presenter: Kazuharu Bamba (LGSPC, Ochanomizu University)

Collaborators: Guido Cognola (Dep. of Phys., Trento University)

Sergei D. Odintsov (ICE/CSIC-IEEC and ICREA)
Sergio Zerbini (Dep. of Phys., Trento University)

I. Introduction
Planck satellite

[Ade et al. [Planck Collaboration], arXiv:1303.5076; arXiv:1303.5082]

- Spectral index of power spectrum of
the curvature perturbations

ns = 0.9603 £+ 0.0073 (95% CL)

- Tensor-to-scalar ratio
r < 0.11 (95% CL)

> R Infation
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Motivation

- Various modified gravity theories have

recently been proposed to explain cosmic
acceleration.

Inflation - R? gravity

[Starobinsky, Phys. Lett. B 91, 99 (1980)]

f(R) gravity

[Capozziello, Carloni and Troisi, Recent Res. Dev. Astron. Astrophys. 1, 625 (2003)]

Dark Energy problem

[Nojiri and Odintsov, Phys. Rev. D 68, 123512 (2003)]

[Carroll, Duvvuri, Trodden and Turner, Phys. Rev. D 70, 043528 (2004)]

Purpose

- We compare the nature of classical
expressions of modified gravity with
that with quantum corrections.

- =

We investigate a generalized model
whose Lagrangian is described by a

function of f(R, K, ¢).

R : Scalar curvature Qb : Scalar field

K : Kinetic term of ¢
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Purpose (2)

 We show that in the Jordan and Einstein

frames, f( R) gravity is equivalent in the
quatum level.

- We discuss the stability of the de Sitter
solutions and explore the influence of the
one-loop quantum correction on inflation
in 1?2 gravity with the quantum correction.

Cf. [Cognola, Elizalde, Nojiri, Odintsov and Zerbini, JCAP 0502, 010 (2005)]

II. Model
Action ]——/d4$\/_f}?f($ 2 _ 303
_ (1 /2) gij @Z QB@J qg (7 : Gravitatiotanl constant
V,; : Covariant derivative

* The tilde denotes the quantities _
in the Einstein frame. /\ :Laplacian

Gravitational field equation
frlRij— 51 3ij+ (Qz’jA = @zﬁj) fa+ 5[z VioVio=0
Equation of motion for ¢

GV (17 0V;0) = f; fr=9L

R = 6R



Solutions for the equations of motion

 There is a constant curvature solution:

~

3 R=R
- For ¢ = ¢ = constant,

1
— fRRij_ifOQijzoa fs=0
fO — f(RvKné)

> The set of background fields (constant

curvature, constant scalar field) is a
solution of the following equations:

Rfr—2f0=0, fo=0

II1. Quantum equivalence

905

= Modified gravity: Described in the Jordan frame

— f (R) gravity: Can also be described in
the Einstein frame

These are equivalent in the classical level.

[Maeda, Phys. Rev. D 39, 3159 (1989)]

[Fujii and Maeda, The Scalar-Tensor Theory of Gravitation (2003)]

We show the on-shell quantum equivalence

of f(R) gravity.

[Buchbinder, Odintsov and Shapiro, Effective action in quantum gravity (1992)]

[Fradkin and Tseytlin, Nucl. Phys. B234, 472 (1984)]
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Quantum equivalence (2)
1
Ijora = 5.3 f d*z/ =g f(R) :Jordan frame
@ gij = ¢%g;; + Conformal transformation

1 ~ ~ ° °
Tgins = 53 f d*z+/—g f(R,K,0) :Einstein frame
K

10

Quantum equivalence (3)
Jordan frame

Contribution of scalars to the effective action

r 1 1 R fR
o e = 5 In det {F (_fRR (Ao + §> + ?N

+classical and higher spin contributions

AO : Laplacian acting on scalars

,u2 : Renormalization parameter
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11

Quantum equivalence (4)

Einstein frame (o) = P
) 1 —  Oo?
FoSpen = 5 Indet = (BAO—V”(J))}

+classical and higher spin contributions

% <3fARO N Ji } fflzR)]

‘ +classical and higher spin contributions

1
= — Indet
2

By the redefinition of ﬂ, this can become
equivalent to [/ord

on—shell °

12

R? gravity

Jordan frame
M?: Mass parameter

RQ
f ( R) — R+ [Starobinsky, Phys. Lett. B 91, 99 (1980)]
602
Jord 1 1 2
Lon—shell = 5 In det E (_A o+ M )

+classical and higher spin contributions
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R? gravity (2)

Einstein frame

f(R,K,0)=PR— g G 0,000 — %MQ (1—e )
= R-3K S M1 )
(Cf. o — \/2/30/Mp )
2
r0 Vg (23
OnTsAe 2 MQ 2 ) : Volume
14
R?inflation

Jordan frame
M?/R < 1 :During inflation

R? R?

1 2 7 7
L) =5 Mo | B+ v 552

2

(Cl In 52 + 02)
L

M2
Ci=0(1), Cy~ 300
Conformal transformation
gij = €°gij
NS Mp :Reduced Planck mass




909

15

R? inflation (2)
Einstein frame

1 . 3 ..
Igins = ? /d4l‘\/— g (R — 5@”8@083'0 — V(U))

, @ + 2b {1 + log |e’7 — 1| — log [4\[)#“/{/ (|f"”—14|(|¢£;+b)/23,)] }

)]

Vie)=(1—-¢e"7)

W . Lambert function

1 N Co - Ch
N VERNETY ey VEA ~ 38472012
16
R?inflation (3)

Jordan frame

M?/R > 1 : At the end of inflation

R2 M M2 3 R
R - m— —=|+0 (R h——
REGVERNET TP (H 12 2) ’ ( ! ME,;P)]

M M? 3

1
L(R) = iMj%

: Effective cosmological constant



RZ?inflation (4)
Einstein frame: [? + Scalar field theory for Qb

¢ : Inflaton field

2 /T 6 \2 B T 4
V(o) = 5 M [3M (1= VIR p2au e ]

2

V(¢) becomes the minimum at ¢ = ¢.. ¢/ Mp > 1:

R? Inflation

 BMEMAA ()
E> Vigw) = 3m§+ AA ()

Contribution of t.he . O((M/ MP)z)
quantum correction

IV. Stability issue

The one-loop on-shell effective action

1 1
rih - 5 Indet [F (A3 + a1+ ao)]

1 1 R 1 1 R
— 5 In det [F (—Al - Z):| —+ 5 In det, |:E (_AQ -+ E)]

ao = [fr[Rfky+ foo(fr — RfrR)]
ar = [r [fK(RfRR_fR)+f]%2¢_3f¢qbeR]
az = 3fk[rIRR

A 1 : Laplacian acting on transverse-traceless vectors

A2 : Laplacian acting on transverse-traceless tensors

910

17

18
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19
Stability issue (2)
Stability condition:

All of the eigen values for the operators

. (1) )
inl’ . are not negative.

Minimum eigen values of Ay, Ay, A, :

—  The minimum eigen value of A is the
smallest one.

1
® The first term of F(()n)—shell including A
is related to the stability.

20

Stability issue (3)
F(RK.0) = F(R) ~ 5 " 0006 = F(R) ~ K
M3/2 =1
Stability condition

ai / a2 :Non-negative value

— LR _Rpey

Frr
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21

V. Conclusions

- We have studied a generalized model
whose Lagrangian is described by a

function of f(R, K, ¢).

- We have shown the on-shell quantum
equivalence of f( ) gravity in the
Jordan and Einstein frames.

- We have examined the stability of the
de Sitter solutions and the one-loop
quantum correction to inflation in
quantum-corrected R? gravity.

Back up slides
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Stability issue (4)

F(R.K.0) = R~ £ g 0:60;0 — 7 m*” + ERY?

m, € : Constant

* Background solution: R = m O = ii
HR=r 7
— For £ # —1/6,
Stability condition
2 1
ao m
ai 146 5 < 6
Inflation

(-1, -

ns =1-—06e+2n, r = 16¢€
]\Jf\-’o.lj\Jp7 MNM

S = G(f) ~ T.756Mp o = \/2]36/Mp

ng ~ 0.968 tk . Ist horizon
crossing time for
r = 0.0028 mode &
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Inflation (2)

f( R) = R+« 2 [Starobinsky, Phys. Lett. B 91, 99 (1980)]
2
Vw) =& (1- V)

T 8a

~1_2 =12
ng =~ 1 N r N2 U — \/%ln(l + 2aR)
+ N=50 > ng=0.960 e
r = 0.00480
r = 0.00333

Cf. [Hinshaw et al., Astrophys. J. Suppl. 208, 19 (2013)]

Planck satellite

- Spectral index of power spectrum of
the curvature perturbations

ns = 0.9603 £ 0.0073 (95% CL)
- Running of the spectral index

as = —0.0134 £ 0.0090 (68% CL)

- Tensor-to-scalar ratio
r < 0.11 (95% CL)

[Ade ef al. [Planck Collaboration], arXiv:1303.5076; arXiv:1303.5082]
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Planck results

.002 R2 Inflation

Lo
(]
S ' 5 ' * ' /, BN Flanck WP+ BAO
\\ / B Planck+WP+highL
2| \ i Planck+WP
S CO/?;, © \\ , I Natural Inflation
Coﬁ Sy ‘\ , Hilltop quartic model
o RO \ / 1| = = Power law inflation
o \, —  Low scale SSB SUSY
, \\ —  R? Inflation
g - \\ 1| — Vxo?
) \\ — Vx¢??
- \\ Vo
g i v V x ¢*
/ A Y o N.=50
S . == N e N.=60
S 0.94 %096 R 0.98 1.00
ant

From [Ade ef al. [Planck Collaboration],
(A arXiv:1303.5082].

BICEP2 experiment

- +0.07
r = 0.2079-07 (68% CL)
[Ade et al. [BICEP2 Collaboration], Phys. Rev. Lett. 112, 241101 (2014) |
Cf. [Ade et al. [Planck Collaboration], arXiv:1405.0871 [astro-ph.GA]]

[Ade et al. [Planck Collaboration], arXiv:1405.0874 [astro-ph.GA]]
[Adam et al. [Planck Collaboration], arXiv:1409.5738 [astro-ph.CO]]



Planck satellite (2)
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From [Ade ef al. [Planck Collaboration], arXiv:1303.5082].

0.945 0.960 0.975
ns

0.990

<
d | 1 1
B Planck+WP+BAO: ACDM + r
B Planck+WP+BAO: ACDM + r + (dns/dIn k)
™| i
o
N | —
T s
L
=t i
o | |
o
0.94 0.96 0.98 1.00
ns
Planck satellite (3)
From [Ade et al. [Planck Collaboration], arXiv:1303.5082].
™
S ' '
B Planck+WP-+BAO: ACDM + dns/dInk
B Planck+WP-+BAO: ACDM + dns/dInk + r
S /A
oL
o
™
o
Ol' | —
O
| - ' '
|



917

BICEP2 experiment (2)

[Ade et al. [BICEP2 Collaboration], Phys. Rev. Lett. 112, 241101 (2014) |

oal Planck+WP+-highL 1

Planck+WP+highL+BICEP2

0.3

0.002

0.1

0.0

1.00

Quantum Correction

1 1 R2 1 1 1 R
1—’T(_,a)ndam = §VMI2> (R‘|‘ 6M2) + 5 In det lﬁ (_iA() — E)j|

1 1 R 1 R
—|—§ In det l—Q (—Al — Z)} — Indet l—z (—Ao — = +M2)}

Iz Iz 2
1 1 R(R + 12M?)
——Indet |—= [ A
5 nde [M2 < 2 1 6(F 1 3002 )]
V — 38472

R
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Stability issue

247Tf0
GR?

1 1 R 1 1 R
-3 Indet LL_Q (—Al — Z)] + 3 In det [M_Q (—Ag - E)]
1{ a a?  4dag
X1,2_§<——:|: —%——)
a9 as a9
Condition to obtain two positive solution:

ai a1 \? _ 4a
— <0, (_1) > 20 >
az ao ao

1 1 1
FOII—Shell = 2 lndet [u ( A() + Xl)] -+ 5 In det [F (_AO +X2)]

Quantizatin of the maximally

symmetric (de Sitter) space
Euclidean action

Tuli, &) = — /d‘lx«/_ (B K. )
E[Q Cb 167TG f( })
R R
Rijrs — 1_2 (gz'rgjs - gisgjr) ’ Rij = Z gij R = constant

Ggij : Metric of the maximally symmetric space

Fluctuations around the constant curvature solution
g =g thig il <1
g7 = g7 = h7+ h*hy + O(h®) . h =g hi
=0+, o] <1
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Euclidean action

Around the background fields { 9ij s o}, we expand

\/__gf(év quz) ¢
1 4
Itlg, &) ~ —m/ d*x/—g [fo+ L + Ly
I
fo=f(R. K. ¢) Quantum
correction
Lo = X0t foo
X =2fo— Rfr

Euclidean action (2)
1 i gk 1 ij 1 ij ! ij
Lo = —§thkVZ’th + ZthijAh — ﬂ Rthijh + §thVZ'th
+free ViV hY + % freViV hIN NV W — frrRAWV,V Y — iR FrrhVV jh"
1 , 1 1 1 1 )
— g fifRh = 5 fx oD — L fRIAR — frohDp + - RERRIAR + 5 fopt

1 1 5 9 X 9 y 1
_Z — (W2 = 2h; b 4+ =
1 RfR¢hg0+ 3 R fRRh -+ 16 (h hjh )+ 5 f¢hg@

On-shell Lagrangian density: X — 0, f;, — 0
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Expansion of /;;
i 1
h@'j — hij -+ Vz-fj + ijz' -+ viVjO' -+ 1 gij(h — AQJ)

O : Scalar component

g i : Vector component

A

hz' 4 :Tensor component

Vi =0, Vz-hg.:()7 Bl =

Expression of L

Lo = 3—12 o (9fRRAAAA — 3fRAAA +6frrRAAA

~ fRRAA + frrR2AA — 3XAA — RXA) o

1 . ‘
o5 h (9fRRAA = 3fpA + 6frpRA — [i*R + [raR® + X) b
+ 1—16 h (—9 FRRAAA + 9FRAA — 6fpAA — 6 frr RAA + frRA — fRRRQA) o

1 1
t5¥ (kA + fg0) 0+ 1 h (=3fre A+ 2fy — froRR)

1
+ 1 o (+3fR¢AA + fR¢RA) %)

1 : 1 - o
+1_6€Z (4XA+4RX) ¢ +ﬂhij (6frA — frR —3X) h"



Lagrangian
Gauge condition

o1+
Xk:th{C—Tkah

P : Real parameter

Gauge fixing
1. .
Lor =5 X Gij X’
Gij = v9i; +Bgi; A 7, [3 : Constants
Lagrangian (2)
Ghost Lagrangian

[Buchbinder, Odintsov, Shapiro, Effective action in quantum gravity (1992)]

ﬁgh = B'QG. &C’j ('} :Ghost vector

0 X' 1—
=gy A+ Ry + —L Vv, — Shi=Viej + Ve

> Lgy=B' (vHi+BA Hy) 7

R 1—

B} : Anti ghost vector

921
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Lagrangian (3)

Ro\? 3 R
Loy = %[g’@ <A1+IO> €k+§ph(Ao+?o> Ago

2 2
P 9 Ry

- — yh — — +— A
16hAUh 160(A0 3) 00]

3|k Ro\? 3 R R
+[§[€]" (A_L"'IU) Alﬁk‘f‘gph (A()+Z) (A()-i-g) A()O’
p2 RO 9 RO RO 2

/A : Laplacian acting on scalars

A 1 : Laplacian acting on transverse-traceless vectors

/Ao :Laplacian acting on transverse-traceless tensors

Lagrangian (4)

_ A+ 204 P2 (A - A
ngh ”y{B( 1+ 4>C+ 5 b 0 b _3 0C

. . -3 R R
+5{Bﬂ (AH—%) Ay CY +pr (A0+I°) (Ao— 0 )AOC}

C, = ék+vk6, vkékzo

By, By + Vb, V,.B* =0



Lagrangian (5)
Total Lagrangian: L=2Lo+ Lyr+ Ly

20 — T~ (det Gyy) 2 [ Dlh;] DIC) DIB"] exp (— [ d49:\/§£)

= (det Gi;)~H? det J; ! det

« / DIA| D) DI€'|D[o) DIC4 | DIBF1D[|D[b] exp (- / d%:@c)
Ji=Ayg, J2:<A1+%><AO+%)AO

N 0l Lty
det G;; = const det (Al + B) det (AU—I— 1 + 5)

[Buchbinder, Odintsov and Shapiro, Effective action in quantum gravity (1992)]
[Fradkin and Tseytlin, Nucl. Phys. B234, 472 (1984)]

Effective action

'pzla BZO:

. (1) 247 fo
F_IE[99¢]+F ’ Iglg, o] = O R2
rM = llndet(bA‘*erAMbA%rbA —I—b)—lndt A, B
-3 48 38 20 180 0 et 0 9
1 R X R
+ 3 In det (—Al — T ﬂ) — Indet (—Al — Z)
1 R X
—I—thdCt(—AQ—Fg‘F%)

b (k=0,---4) consists of f(R, K, ®) and its derivatives.
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Effective action (2)
X =0, f3—0:

e

on—shell

1 1 R 1 1 R
—gndet |5 (a0 )+ g maer [ (-a0+ )|

ar (k=20,1,2) consists of f(R, K, ¢) and its derivatives.

1 1
— 5 In det [F (CLQA(2)+Q1AQ+&0>]

Iu2 : Renormalized parameter

Effective action (3)

l) :::17 (3 — ()7 ’Y == 0 ¢

e

Landau

1 1 4 3 2 _
= 3 In det [E (C4A0+03A0+02A0+01A0+CO>

1 1 R 1 R\
-3 In det LL_Q (—A1 — Zﬂ — Indet [E (—AO — 5)

1 1 R fy
+§ In det l? (—Ag—g—l—ﬁ)}

cr (k=0,---,4) consists of f(R, K, ) and its derivatives.




Expression of coefficients

ap = [rIRfiy+ foo(fr — RfRrR)]
ar = fr|[fx(Rfrr = fr) + fhy — 3foofrr]
az = 3fx[RIRR

412X 4 RX RX
bO _ f¢ +4f¢2R— f¢fR¢ _4f¢fR¢R2+M
v Y
foofrER2X foeX?
+ foofrR* — oI IR — foofRRRE® — 20 — fosRX
2 p2
+ fR(f) R°X +qu‘)2R3

Expression of coefficients (2)

cfrREX
bl _ _.f[ .fj _foRR2+

fKXz

+ fx frrR?

Afo°fr  Afy°frrR
Y

- zofqﬁch/)R +

frfreR*X
S

_I_

+ [k RX +

12fq§qu’)X
8

+ 12fq')2 -

_ 5feefrRRRX

208 | 4 fugiun
~ Joop ] RLL

5fne RX
gl

- 7f(f)(j>fRRR2 - Qf(pqu + + 7f[2¢2R2

5[k [rRREX
Y

by — 2fkfrX At R

’Y
12f4° frR
Y

+7fk frRRR®

6 fpsfRRX
Y

+2fk X — —24f5fre +4fp0fr —

6fR(jJ2X

— 16 fop frRE + + 16fR¢2R

925



Expression of coefficients (3)

6 X
bs = —Afxfr+ %

+ 16 fx frRR — 1240 frR + 12fRe°
by = 12fk[fRrR

¢y = R|fos@Rfr—2f0— R frr) + (2f — Rfny)?]
et = fofkR—4fps) +12f4> = 20f4 froR
+ R (*fo(fRR + ffrrR* + 6f50fr — TfoofrrE + 7fR¢QR)

co = Afofx —6fxfrR+ Tfr frrR® — 2416 fro
+4fp6 (fr— 4fRRR) + 16 fry° R

cz = —4 (fK (fr —4fRrRR) + 3fsefrRR — 3f1?,¢2)
cs = 12fk [rr
f(R) gravity
rl o= = 111 det [ ( fri (AO n ) / ;" )
— = lndc Lui ( Aq— %ﬂ % In det LLLZ (—/_\Q—I— %)]
ro -l 5 Indet Ll (frr(6AF +5RA ) - 2fr(Ag + R) + quﬂ

1 1 R 1 R
“g e (o g)] g e (a0 3)

1 1 R fo
—|—§1ndet LL_Q( Ag———l—f—Rﬂ
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“Combined features in the primordial spectra induced by a
sudden turn in two-field DBI inflation”

Shuntaro Mizuno

[JGRG24(2014)111407]
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JGRG24 @ Kavli IPMU 2014.11. 14

Combined features in the
primordial spectra induced

by a sudden turn in two-field
DBI inflation

Shuntaro Mizuno (Waseda) WIiIAS
SM, R.Saito, D.Langlois, arXiv:1405.4257, to appear in JCAP
X.Gao, D.Langlois, SM, JCAP 1210 040
X.Gao, D.Langlois, SM, JCAP 1310 023

"
Features in primordial power spectrum

7000

L L A B T T
Planck TT spectrum
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There might be Features at ¢ ~ 30 £ ~70 and ¢~ 1800
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" «MEENNE
Heavy field in inflation

- Conventional wisdom
- Perturbations from heavy fields (m >> H) are suppressed
- Only perturbations from light fields are relevant to observables

- Recent progress
Turn in the inflaton trajectory (change of light/heavy directions)

m==)  features in the primordial spectrum

Schematic picture of single sudden turn

Single turn

- During the turn, the trajectory deviates from the potential minimum
- For soft turn, it smoothly relaxes to the minimum of the potential

- For sharp turn, it relaxes to the minimum via oscillations
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" A
Modeling of the turn (canonical field )
Gao, Langlois, SM, 12

- 0, (light-heavy basis) is useful for the sharp turn

“For a simple description, one can take

. ,U, 1,242
Oplt) = A0 Atpuen ~ !

Going down to ¢ direction

Potential valley is given by

X = itan%((b— ®o)

Features by a soft turn

"For < my the turn is soft

* Effective single light field description with a smaller sound speed

)2
1 — 1 _|_ 4 9@ Tolley & Wyman "09,
Cg W?;i Achucarro, Gong, Hardeman, Palma, Patil "10

—

Oscillatory features k ~ (aH )tum

*Fitting to CMB data Achucarro, Atal, Ortiz, Torrado " 14



"
Features by a sharp turn

Gao, Langlois, SM 12, "13 (See also Noumi, Yamaguchi "13)

"For 1> my  light field effective theory breaks down

*Two features in different scales

| |
| | > k
(afH)turn (anlh)turn
Mixing effect Resonance effect
3
9 My COST _ o /mp\ 2 cos(Iny)
(a0) 2222 e(20)* (5) -
_ K y= "
r= (aH)turn (anlh)turn

negligible for canonical models !!

"
Resonance in a model with derivative couplings

Saito, Nakashima, Takamizu, Yokoyama "12, Saito, Takamizu 13

- Action
2
S, = /(114F { (06)? +V(¢) + %(()\)2 + n; \
Inflaton Heavy field Coupling
. ,:)\n/;‘,g i Aat 2 Ad2 o0
with K, = QAH’X(GQ) Ky = 4% L(0x)*(80)* + Y (D - D)

" Evolution equation for inflaton perturbations

; kN an .
i + m? (—) — % cos(mt) — 2qq c-os;(?-mtﬂ v =0

arn

i 2.2 2
N B . mey k m2y2
m= Ny da = (i = 2e) (am) + O 22) T30

Mathieu equation which describes parametric resonance !!



" JEE
DBI inflation with a turning trajectory

-Model 1
1 Ky~ (JD_1)_1v(!

with D = det (8" + f6;,0"¢'9,¢7) x17 = —%amfa#@i [=1h

Derivative coupling

Potential vV (¢") includes a sudden turn as before.

Single turn Qp(t) — &H lu' E—é—ﬁfﬂ

o

For consistency, we restrict Cg  is not much smaller than 1

" JE
Efficiency of the heavy field excitation

parameters are chosen to fit observables

€ /€
01 F T E TR TETE TR TR R R R N TN TN TR TR TR TR TR TR TR R TR
n e : F % 1
" L AG =017
K + ]
g .
+
P+
001 ¢ O N A AN S S . e e R A B e e 3
Lo s 7 A0 = 0.037 1
L 4 ]
+
+
+
0.001 F )___;g. - *--*—-z---f—--5--—;;---#--—#---#—-—*—--*-—n(r—-qt-—*—--:e---!t—--x---au—--n—-—sﬁ E
e .t A6 =0.017 ]
. + ]
i + + my/H =10
L 7
© mu/H = 107
* my/H =10°
0.0001 ' ' M| ' ' | ' ' M| ' ' M| ' ' '
1 10 100 1000 10000 M/«’Csmh,

ey /€ — (Af | in the sharp turn limit

( coincide with the simple analytic estimation )



" A
Relation between the features

*Features by the resonance effect from the derivative coupling

3

AP, . a. f Ex/€ (mh /H ) e
= ] Wl — - -
p, o0l -c) ( 0.1 ) 10

N

DBl inflation with a sharp turn =~ &, /e — [A#)-

¥

*Relation between the amplitudes of two features

Jﬁ'.p.;_rc:g ~ (1 — f‘g‘l (ﬂ)—l_ﬁ'ﬂ .-ﬁ?._f__mix ﬂf"{[ ~ (1 .gﬁl-g (Ti‘lh)i:‘.;‘j &fpg_mix
. \ 7. : ML, res

P, H P, A7 P,
Cf. Only Gravitational coupling _ 1
(118§ AP (M) AP
‘\H P H P
" J
Conclusions
* Possibility of multiple features in primordial spectra
* Influence of heavy modes from a sharp turn
- Oscillatory feature by mixing effect Fmix ~ (aH )turn

- Oscillatory feature by resonance effect  Kres ~ (@710 ) ¢urn

appears for a sharp turn, but negligible for canonical models

« DBl inflation with a sharp turn (perturbative region)

‘ﬁep-;.rc:e-: mp ) -1/2 'ﬂpﬁ.mix Mp )3";2 J“DI--. Jmix

; a2y [ th A o (1 — 52 2
,Pl.; ~ (1 —(_#] ( H P-., JL,.|r."w..[..rc:ﬁ -xl {--,g] (H :D-.h

* Need to analyze the cases with small sound speed
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“Cosmological perturbations in Loop Quantum Cosmology:
Mukhanov-Sasaki equations”

Guillermo A. Mena Marugan

[JGRG24(2014)111408]



Cosmological Perturbations in LQC:
Mukhanov-Sasaki Equations

Guillermo A. Mena Marugan

IEM-CSIC (L. Castell6 Gomair,
M. Fernandez-Méndez & J. Olmedo)

The model

s We consider perturbed FRW universes with
a massive, minimally coupled scalar field, in
LQC. The model can generate inflation.

@ The most interesting case is flat topology.
We assume compact spatial sections.
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Perturbations off compact

(flat) FRW with a scalar field ‘\f

'//\&\;

Approximation: Truncation at quadratic perturbative order
in the action.

@ Uses the modes of the Laplace-Beltrami
operator of the FRW spatial sections.

@ Perturbations have no zero modes.

@ Corrections to the action are quadratic.

* Effective equations from the closure of the constraint algebra.

a . ..
% < Direct quantization:

t ~ Dressed metric, with perturbations propagating on it as test
fields, and no genuine perturbed quantum metric.

= Hybrid approach.
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ybrid approach

.,’ 2 4 |
- L% -
R N
,

Approximation: Effects of quantum geometry
are only accounted for in the background

d . Loop quantum corrections on matter
d.o.f. and perturbations are ignored.

/L w A
@ The ambiguity in selecting a Fock representation in QFT is removed by: “

| - appealing to background spatial symmetries. ‘
" - demanding the UNITARITY of the quantum evolution. “

@ There is additional ambiguity in the separation of the background and the
‘ matter field. This introduces time-dependent canonical field transformations.

CLASS of invariant Fock representations for their CCR's.

= //

‘\ @ Qur proposal selects a UNIQUE canonical pair and an EQUIVALENCE '
/

V4

X\
Mo 7
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Classical system: FRW.

* Massive scalar field ¢ coupled
to a compact, flat FRW universe.

Geometry:

Hamiltonian constraint:

2 2 2 21,2, 2.
— pc+n+m Vo
4JtGy2 ’

s Specific LQC proposal such that it is optimal
for numerical computation.

Classicall system;: FRW' + Inhomogeneities

@ Expand inhomogeneities in a Fourier basis of sines (-) and cosines (+), with
frequency wi:ﬁ-ﬁ.

@ Consider scalar perturbations, excluding zero modes

@ Call g; . (¢)and k; . (¢) the (properly scaled) Fourier coefficients of the lapse
and shift.
N,o

l6m G

+

@ At quadratic order: H= Cot 2, (NOH?* +Nogs . Hy " +k
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! |

rd

anov-Sasaki variables S

¢ We change variables to these gauge invariants for |
the perturbations.

" » Their field equations match criteria for the choice of a = %
- unique Fock quantization. |

== ., The change can be extended to a canonical set which =
- includes the perturbative constraints. :

# @ The homogeneous variables get quadratic corrections.

L=

1"f @ After this canonical transformation, the Hamiltonian constraint (at our =
: perturbative order) amounts to:

C,=m.—H(FRW ).
pzcz_mz 2 q)z. }h

— H>=
e 0 47[Gy2

== * The quadratic perturbative Hamiltonian is just the Mukhanov-Sasaki E
==
=

Hamiltonian in the rescaled variables. z
At this order, it is linear in the homogeneous field momentum !
.

nE e Wi+ -
C, =—0,"-0,"nx,. e
u
. g

<

"
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Born-Oppenheimer ansatz

" .{‘hl:,;-. . ) .II e "‘F # |
- p "3 . : |3 :
B . Gl f s Wk e

- 14 o> K g ¥ 3 ' . o ) L

._~. q&ﬁ &hlﬁ—h o ",; L i' y : ?, \ ._ “.ﬁh . '
7 }.. ‘ L m‘.- . -. I. . .‘:.- I N | B ~ g : ‘.: ”f‘ ; ’

A

- @ Consider states whose evolution in the inhomogeneities and FRW
j geometry split, with positive frequency in the homogeneous sector:

' ‘I‘=X0(V,¢)1P({N},¢), XO(V:(P):P

exp

i b 1,6)| ().

' The FRW state is peaked (semiclassical).

. @ Disregard nondiagonal elements for the FRW geometry sector in the
constraint and call:

» The diagonal FRW-geometry part of the constraint gives:

i —0,w=i(2(H),~(0,),)8,9=|(6,+(8,H,),,),+i({d,H,~ ;d ) ] \

-
¥
\

- @ The term in cyan can be ignored if <1€IO>X is not negligible small.

i

@ Besides, if we can neglect: a) The second derivative of 1,
b) The total ¢ -derivative of 2 H,—0,,

.'.I " '

A

‘ 6,+(6,H
—15¢1p=< e ( 2 0)sym>x
2<H0>x

. Schradinger-like equation.

NIRRT )\
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Effective, Mukhanov-Sasaki equations

-

* Starting from the Born-Oppenheimer form of the constraint and
assuming a direct effective counterpart for the inhomogeneities:

where we have introduced a state-dependent conformal time.

* The effective equations are of harmonic oscillator type, with no |
dissipative term, and hyperbolic in the ultraviolet regime.

s

Conclusions 2z

¢ We have considered the hybrid quantization of a FRW universe with a
massive scalar field perturbed at quadratic order in the action.

¢ The model has been described in terms of Mukhanov-Sasaki variables.

¢ A Born-Oppenheimer ansatz leads to a Schrodinger equation for the
inhomogeneities.

¢ We have derived effective Mukhanov-Sasaki equations. The ultra-
violet regime is hyperbolic.
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“Inflation from holography”
Yuko Urakawa

[JGRG24(2014)111409]
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Inflation from holography

Yuko Urakawa (IAR, Nagoya U.)
with J.Garriga, K. Skenderts, I Vernizz(

YU & TG arXiv:i303.5997 FCAP 1307, 033
arXi1v:1403.5497, JHEP 1406, 086
In progress

YU, FG.&K.S. arXiv:1410.3290

YU, G.&EV. in progress

inflation from holography
WMAP, PLANCK, BICEP2(?), ...

=

Inflation 1s now quite compelling.
- Can we describe inflation holographically?
If YES, what's the prediction?
If NO, what's the obstacle?




energy
* Perturbation with controlled radiative corrections

@ ()

My ) k3
- High energy scale near Plank scale
- Large excursion of the inflaton (?)

Geometry of AdS and ds
Anti de Sitter (AdS) de Sitter (dS)
Vacuum with 4 < 0 Vacuum with 4 > 0

in R%3 E o) SO(Q,S) in R o4 4+ +) 80(1,4)
-X02-X12+E§Ya2= - A X2+ X2+ X 2= A

a=2,3, a=2,34

e e oy i g (o dnter o du?
= ljas " =2 >

~ Boundary
—

Iads — tlas

z—u

z:const, R3 p:const, R?

It i

944
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S’cromiw@ér(Oi), witten (01)
* CFT lives on the spacelike boundary SRR
at the future infinity of dS.

Maldacena (02)

* Wave function for bulk gravity Waslgl=ZcFr
Probability distribution Pas[g]= |ZcrrlP

3k
- Euclidean AdS  Sads ren = — = /d—lRidsk%o(—k)%(/ﬁ)

K2 2713 2

2
(OHOH) =~ 5ot =

~ " 2Re(O(K)O(—k)) |Rass=—iRas  Rig k°
Analytic cont. connects dual boundaries of dS and AdS

Challenges of dsS/CFT

* Holographic direction is time like.
Dual boundary theories to dS are non-unitary.
Good property?
* Poor understanding on analytic continuation.

Extendable to a non-perturbative example in 1/N?

* Lack of a concrete example.

First concrete example of dS/CFT

Anninos, Hartman, §Strominger (11)
Vasiliev gravity in dS4 «<—— Sp(IN) CFTs living at, 7+
TATi— e A NE—=> N
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Breaking symmetry

de Sitter space CFT on R?

4Dk Bk * Poincare T.
yperboloid SO(1,4)

dee ) e : ; * Dilatation
* Special C.T.

in 5D flat spacetime

Cosmological const. A CFT

+ inflaton ¢ + 90  (ex)mass

Breaking dS sym. Breaking conf. sym.

nflation Deformed CFT

Holographie inflation
4D bulk 3D boundary

Inflation : QFT

= dS + modulation CFT+ deformation

Youk[p] = Zarr [g]

ZQFT = / Dy exp [_SCFT = M

deformation

- p& g relation?

Necessary building blocks {

- £ & p relation?
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Summary of the status ("14)
Holographic inflation: Boundary to Bulk Consistency check
Single-field slow-roll inflation

* Time evolution of ¢, { < Solving RG flow in boundary

Bzowski et al.(12), Garriga § Y.W. (14),+
Consistent with bulk prediction via CPT

* Conservation of { at large scales if a(¢) < ¢ C: const
qarriga § Y.-WU. (14, in progress)

* Consistency relation  fnp~ (1-n2,)
Bzowskl et al. (12), Schalm et al. (12)

Multi-field slow-roll inflation
* Time evolution of ¢, {, 8s <= Solving RG flow in boundary

Consistent with bulk prediction via 8N formalism
qarriga, Skenderis, § Y.U. (14), Garriga, Y.U., § Vernizzi (in progress)

Background evolution
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Reconstruction of po’cew’ciaL

KG equation RG equation

b+ 3Hep+ axg((;b)
Klebanov et al.(11)
‘sz, x) = K (H(11), %)
dlna=C din u
1 (OW(g)\”
= ( 0¢ ) ]

nv<0  u(®~p

=0

Primordial perturbations
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¢ Correlators

in cosmology (bulk) in boundary QFT

X2
ox]® e xn flat space R=0

J.a.gY-u13)
Youkle] = Zorr [4]

H €9 (H)2 .
L el B
5 ¢ e ¢ at large scales

Cownservation of ¢

Power spectrum JGEY U (14)
<C(w1)<(w2)>conn = W( )_1($1, wg)

WO (@1, 25) = —2Re [B (1)(O(21)O(=2)),.]

Conservation

Gauge transformation

RG flow

Identification between ¢ & x it

In(p/po) = Cln(a/ag) C=1+O(¢)




Cownserved Power spectrum

PR @A [1 : (gﬂ ~

of Agrees with the result of Bzowski+ (12) in pu —

Remarks

1.Amplitude

_ g /M) _ o

2
dlna = L 0y 1 i
cPZ we N M,

Maldacena (02)

2. Spectral index
For k>>p n$—1:2|)t| Blue-tilted
For k<< p n5-1=-2|l| Red-tilted

Evolution of ”iwﬂa-’_co-w’;

U ~a
UV ~ Late time

N.B. n, - 1=-6¢+2p

overdamping

950
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Summary of the status ('14)

Holographic inflation: Boundary to Bulk

Single-field slow-roll inflation
* Time evolution of ¢, { <= Solving RG flow in boundary
Bzowskl et al.(12), qarriga § Y.U. (14),+
Consistent with bulk prediction via CPT

* Conservation of { at large scales if a(¢) < ¢ C: const
qarriga § Y.-WU. (14, ln progress)

* Consistency relation  fni~ (1-n2,)
Bzowskl et al. (12), Schalm et al. (12)

Multi-field slow-roll inflation
* Time evolution of ¢, {, 8s <= Solving RG flow in boundary
Consistent with bulk prediction via 8N formalism
Garriga, Skenderis, § Y.U. (14), Garriga, Y.WU., § Vernizzi (in progress)






