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釈迦に説法



Density Profile of Galaxy



Density Profile of  Dark Matter Halos

• Universal Density Profile (Navarro, Frenk, White 1997)

• Moore et al  (1999)

ρ(r) =
ρs

(r/rc)(1 + (r/rc)2)

ρ ∼ r−1 (r → 0) central density cusp

ρ(r) =
ρM

(r/rM )1.5(1 + (r/rM )1.5)

ρ ∼ r−1.5 (r → 0)
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FIG. 2.ÈDensity proÐles of one of the most massive halos and one of the least massive halos in each series. In each panel, the low-mass system is
represented by the leftmost curve. In the SCDM and CDM" models, radii are given in kiloparsecs (scale at top), and densities are in units of 1010 kpc~3.M

_In all other panels, the units are arbitrary. The density parameter, and the value of the spectral index, n, are given in each panel. The solid lines are Ðts to)0,
the density proÐles using The arrows indicate the value of the gravitational softening. The virial radius of each system is in all cases 2 orders ofeq. (1).
magnitude larger than the gravitational softening.

P3M simulation, together with extra high frequency waves
added to Ðll out the power spectrum between the Nyquist
frequencies of the old and new particle grids. The regions
beyond the ““ high-resolution ÏÏ box are coarsely sampled
with a few thousand particles of radially increasing mass in
order to account for the large-scale tidal Ðelds present in the
original simulation.

This procedure ensures the formation of a clump similar
in all respects to the one selected in the P3M run, except for
the improved numerical resolution. The size of the high-
resolution box scales naturally with the total mass of each
system, and as a result all resimulated halos have about the
same number of particles within the virial radius at z \ 0,
typically between 5000 and 10,000. The extensive tests pre-
sented in et al. indicate that this number ofNavarro (1996)
particles is adequate to resolve the structure of a halo over
approximately two decades in radius. We therefore choose
the gravitational softening, to be 1% of the virial radiush

g
,

in all cases. (This is the scale length of a spline softening ; see
& White for a deÐnition.) The tree codeNavarro 1993

carries out simulations in physical, rather than comoving,
coordinates and uses individual time steps for each particle.
The minimum time-step depends on the maximum density
resolved in each case, but it was typically 10~5H0~1.

As discussed in et al. numerically con-Navarro (1996),
vergent results require that the initial redshift of each run,

should be high enough that all resolved scales in thezinit,initial box are still in the linear regime. In order to satisfy
this condition, we chose so that the median initial dis-zinitplacement of particles in the high-resolution box was
always less than the mean interparticle separation. Prob-
lems with this procedure may arise if is so high that thezinitgravitational softening (which is kept Ðxed in physical
coordinates) becomes signiÐcantly larger that the mean
initial interparticle separation. We found this to be a
problem only for the smallest masses, in theM [ M*,
n \ 0, model. In this case, the initial redshift pre-)0 \ 0.1
scribed by the median displacement condition is zinit [ 700,
and the gravitational softening is then a signiÐcant fraction
of the initial box. This can a†ect the collapse of the earliest

[ApJ 490(1997)493]
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FIG. 1.ÈParticle plots illustrating the time evolution of halos of di†erent mass in an " \ 0, and n \ [1 cosmology. The box sizes of each column)0 \ 1,
are chosen so as to include approximately the same number of particles. At the box size corresponds to about Time runs from top to bottom.z0 \ 0, 6r200.
Each snapshot is chosen so that increases by a factor of 4 between each row. Low-mass halos assemble earlier than their more massive counterparts. ThisM

*is true for every cosmological scenario in our series.

106 particles on a 1283 mesh and were stopped when the
nonlinear mass, corresponded to 1000È2000 particles.M*,
We identify this time with the present (z \ 0). Since clus-
tering evolves faster for more negative values of n, an expan-
sion factor of 9.5 was sufficient for n \ [1.5, whereas an
expansion factor of 90 was required for n \ 0 ()0 \ 1).
Open models require even longer integrations, an expan-
sion factor exceeding 150 for n \ 0 and These)0 \ 0.1.
simulations used the time-stepping and numerical scheme
described in et al. (Note, however, thatEfstathiou (1988).
the deÐnition of in that paper di†ers from the one weM*use here.)

We ran two P3M simulations for each of our CDM
models. The SCDM runs followed 643 particles in periodic
boxes of 180 and 15 h~1 Mpc and were stopped when p8 \
0.63 h~1 the time that we identify(M* B 1.6 ] 1013 M

_
),

with the present. The CDM" runs followed 106 particles in
boxes of 140 and 46.67 h~1 Mpc, until p8 \ 1.3 (M* B 4.1
] 1013 h~1 M

_
).

2.2.2. Individual Halo Simulations
The halos that were to be resimulated at higher

resolution were selected randomly at z \ 0 from a list of
clumps identiÐed using a friends-of-friends group Ðnder
with linking length set to 10% of the mean interparticle

separation. We chose masses in the range for the0.1È10M*power-law models and for the CDM models.0.01È100M*(The mass range is larger for the CDM models because, in
this case, halos were chosen from two parent cosmological
simulations with di†erent box sizes.) Because we are inter-
ested the structure of equilibrium halos, we were careful not
to choose for analysis any halo that is far from virial equi-
librium. In practice, we analyze each resimulated halo at the
time between redshifts 0.05 and 0 when it is closest to
dynamical equilibrium, deÐned as the time when the ratio of
kinetic to potential energy is closest to 0.5 for material
within the virial radius. [Throughout this paper, we
measure halo masses, within a virial radius,M200, r200,
deÐned as the radius of a sphere of mean interior density

Halo circular speeds, are200ocrit. V200 \ (GM200/r200)1@2,
also measured at this radius unless otherwise speciÐed.
Numerical experiments show that for ) \ 1, this radius
approximately separates the virialized and infall regions

& Lacey For convenience, we continue to use(Cole 1996).
these deÐnitions when )0 D 1.]

Once a halo is chosen for resimulation, the particles
within its virial radius are traced back to the initial condi-
tions, where a small box containing all of them is drawn.
This box is Ðlled with D323 particles on a cubic grid ; these
particles are then perturbed using the waves of the original
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Improved N-body Simulation

Central Cusp ?

Simulation with higher resolution  

Disagreement with rotation curves of LSB galaxies ?

Obs. improvement  ( long slit H! observation)

Directly compared LSB rotation curves with simulations  

[Hayashi et al MNRAS 355(2004)794
Navvaro et al MNRAS 349 (2004)1039
Power et al MNRAS 338 (2003) 14 ]



Conversed Radius

Fig. 2.— Upper left panel: Density profiles of halo G3 at four different levels of mass resolution, plotted
down to radii containing 50 particles. Dashed and dotted curves show best fit Moore et al. and NFW profiles,
respectively (see text for fitting details). Vertical dotted lines indicate the minimum converged radius, rconv,
for each run. Upper right panel: Same density profiles plotted only for converged radii. The discrepancy
between lower resolution runs and the highest resolution simulation at small radii is no longer apparent when
only reliably resolved radii are considered. Lower panels are as the upper ones, but for the circular velocity
profiles.
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[Hayashi et al MNRAS 355(2004)794]

N∆t
Total number 
of time steps

M(< r200)
(4π/3)r3

200

= 200ρcrit



Criteria for numerical convergence

• Particle collisions lead to changes of O(1) in energy 
in relaxation timescale

m v

b
m!̇v⊥ = Ḟ⊥ =

Gm2b

(b2 + x2)3/2
! Gm2

b2

[
1 +

(
vt

b

)2
]x

F⊥

|δv⊥| ∼ Gm

bvPer one orbit time

∆v2
⊥ ∼

∫ r

ε
δv2
⊥

N

r2
bdb ∼ N(r)

(
Gm

rv

)2

ln(r/ε) ∼ 1
N

ln(r/ε)v2

Relaxation time-scale
trelax(r) ∼ (v2/∆v2

⊥)tcirc(r) ∼
N(r)

ln(r/ε)
tcirc(r)

trelax(r) > t0

v2 ∼ GNm

r



Density profile :  NFW vs Moore et al
Navvaro et al MNRAS 349 (2004)1039



Rotaion curve :  NFW vs Moore et al
Navvaro et al MNRAS 349 (2004)1039



Slope of the density profile

No indication for convergence to  a well-defined 
aymptotic value 



Improved fitting formula

βα(r) = −d ln ρ/d ln r = 2(r/r−2)α

ln(ρα/ρ−2) = (−2/α)[(r/r−2)α − 1]

α ∼ 0.17

CDM halos appear to be “cuspy” 

Gradual variation of the 
logarithmic slope

β(r−2) = −d ln ρ/d ln r = 2

! free



LSB rotation curve shape

H! rotation curve data set (67 galaxies) 

and simulated 266 halos 

"  fit to

A. Best fit

B. #CDM fit

V (r) =
V0

(1 + (rt/r)γ)1/γ

rt > 0 0 ≤ γ ≤ 5 V0 ≤ 2Vmax

rt > 0 0 ≤ γ ≤ 1 V0 ≤ 2Vmax

| log ∆1/2 − log ∆1/2,CDM| ≤ 0.7 ∆1/2 = ρ̄(rV1/2)/ρcrit

2
NFW : γ ! 0.6
ISO : γ ! 2



Rotation curves of LSB galaxies

M01
McGaugh et al
 AJ 122 (2001) 2381

S03
Swaters et al
 ApJ 583 (2003) 732

B02
de Block, Bosma
 A&A 385 (2002) 816





Distribution of $



irregular galaxies

poor fit to CDM

consistent with CDM

• 70% of LSB galaxies 
are consistent with 
CDM

• 20% have irregular 
rotation curves

• 10% is inconsistent 
with CDM (most of 
their rotation curves 
do not extend large 
enough radii) 

CDM is not inconsistent 
with LSB rotation curveχ2

red CDM

χ
2 re

d
m

in



Effect of galactic disks

NFW halo + exponential disk

Fixed fraction of disk mass

Fixed fraction of disk angular momentum

Thin disk, exponetial surface density profile

Cooling of baryons Formation of galactic disk 
(and bulge)

NFW density profile may 
be deformed

Mo, Mao, White MNRAS 295 (1998) 319

Md = mdM

Jd = jdJ

Σ(R) = Σ0 exp(−R/Rd)



• Adiabatic contraction of halo

• Spherical as it contracts

• angular momentum conservation

GMf (r)r = GM(ri)ri

Mf (r) = Md(r) + M(ri)(1−md)

Md(R) = Md

[
1−

(
1 +

r

Rd
e−r/Rd

)]

c ≡ r200

rs

λ′ ≡ λ
jd

md

λ = J |E|1/2G−1M−5/2

Spin parameter

concentration 
parameter



Density profile of our Galaxy

• NFW halo density profile

• three components (nucleus, bulge, disk)

• adiabatic contraction

• with/without angular momentum exchange

Klypin, Zhao, Somerville  ApJ 573 (2002) 397

totalDM

bulge+disk

DM before

contraction

without angular 
mom. exchange total

DM

disk

bulge

R
-2

with angular mom. 
exchange



Rotation curve and ...

without angular 
mom. exchange

with angular 
mom. exchange

HII measurement by 
Knapp et al (circles) and 

Kerr et al (triangles)



Mass distribution

stellar radial velocities 
and proper motions

kinematics of 
OH/IR stars

motion of 
satellite galaxies

rotational velocity 
at the solar radius



Supernova Rate



Supernova rate
• Type I   no hydrogen line

• Ia      silicon line

• Ib      no silicon line,  helium line

• Ic      no silicon line,  w/wo weak helium line

• Type II  hydrogen line

Light curve SN & SN type 

SNR =
NSN∑NG

j=1 ∆tjLj

∆ti : obs. time

Lj : j− th galaxy luminosity

NSN : num. of discovered SN



The Present SN rate
F. Mannucci et al.: The supernova rate per unit mass 5

Fig. 4. Upper panel: SN rate per K band luminosity as a function of morphological index expressed in SNuK (number
of SN per century per 1010 L! of luminosity in the K band). The lines correspond to type Ia (solid), type II (dotted),
and Ib/c (dashed) with 1σ error bars. Lower panel: SN rate normalized to the stellar mass and expressed in SNuM,
i.e., number of SNe per century per 1010 M!.

This equation was used to compute the stellar mass
of each galaxy. The resulting distributions are shown in
Figure 3 where the galaxies are divided into four morpho-
logical classes.

As a consistency check, we compared the mass dis-
tribution of our galaxy sample with that derived by
Kauffmann et al. (2003) for 120.000 local galaxies observed
by the Sloan Digital Sky Survey (SDSS). These authors
use a completely different method based on two stellar ab-
sorption indexes, the 4000Å break and the Balmer line Hδ.
Despite the differences in the selection of the galaxy sam-
ples and in the methods to estimate the masses, the two
distributions are remarkably similar: in the SDSS sam-
ple, half of the total stellar mass is contained in galax-
ies less than 3.1×1010M!, which compares favorably with
3.7×1010M! for the present sample. In both cases the
peak of the contribution to the total stellar mass comes

from galaxies of about 6×1010M!. This also implies that
the present sample is a fair representation of the local
universe as it can be observed in the optical by modern
wide-area surveys as the SDSS. The results are also con-
sistent with those derived by models based on a larger
number of photometric bands (e.g., Saracco et al., 2004,
Drory et al., 2004).

6. The SN rate as a function of the morphology
of the host galaxy

The SN rates computed both in units of K-band lumi-
nosity and stellar mass are shown in Table 2 and in fig-
ure 4. In the first case the rates are expressed in num-
ber of SNe per century per 1010 K-band solar luminosity
(SNuK), using a K band magnitude of the Sun of 3.41
(Allen, 1973) corresponding to a solar luminosity in the K

6 F. Mannucci et al.: The supernova rate per unit mass

Table 2. SN rates normalized to the K-band luminosity
and to the stellar mass. The errors are 1σ values and con-
tain the contribution of the Poisson statistics of the SN
number, often dominant, and of several other uncertain-
ties, as explained in C97. The upper limits correspond to
90% confidence levels.

Type Ia Ib/c II
SN rate per K-band luminosity (SNuK)

E/S0 0.035+0.013
−0.011 <0.0073 <0.10

S0a/b 0.046+0.019
−0.017 0.026+0.019

−0.013 0.088+0.043
−0.039

Sbc/d 0.088+0.035
−0.032 0.067+0.041

−0.032 0.40+0.17
−0.16

Irr 0.33+0.18
−0.13 0.21+0.26

−0.14 0.70+0.57
−0.43

SN rate per Mass (SNuM)

E/S0 0.044+0.016
−0.014 <0.0093 <0.013

S0a/b 0.065+0.027
−0.025 0.036+0.026

−0.018 0.12+0.059
−0.054

Sbc/d 0.17+0.068
−0.063 0.12+0.074

−0.059 0.74+0.31
−0.30

Irr 0.77+0.42
−0.31 0.54+0.66

−0.38 1.7+1.4
−1.0

band of LK,!=5.67×1031 erg/sec. In the second case they
are expressed in number of SNe per century and per 1010

solar masses in stars (SNuM). The errors include both the
Poisson errors due to the SN statistics and the uncertain-
ties of the input parameters and the bias corrections as
explained in C97 and C99. For the first time these rates
are derived in a fully consistent way by using the M/L ra-
tios derived from the color of each galaxy and not average
M/L ratios (Tammann, 1974) or average colors (Panagia,
2000; Mannucci et al., 2003).

The rates for the Irr galaxies have large uncertainties
because of the small sample of SNe. Nevertheless, a clear
increase of the SN rates from E/S0 to S0a/b to Sbc/d to
Irr can be seen for all the SN types. In particular, the
lower panel of Fig. 4 shows that all types of SNe in spirals
and Irr have a remarkably similar behavior, with the rates
in the Irr galaxies being 12-15 times larger than those in
the S0a/b galaxies (see Table 2).

Qualitatively the result is the same as derived by
Mannucci et al. (2003) by using average colors, but the
difference of rates along the Hubble sequence is even more
pronounced: there the SN Ia rate in the Sbc/d galaxies was
found to be a factor of 2 higher than that in the E/S0, to
be compared with the factor of 4 of the present work, and
that in the Irr galaxies a factor of 7 higher than in E/S0,
to be compared with the factor of ∼17 found here.

Despite the small number of SNe, the statistical signif-
icance of the difference between the type Ia rate in E/S0
and late spirals/irregulars is high: the rate observed in
E/S0 would correspond to 0.4 SNe for the Irr galaxies,
instead of the observed number of 6.8: such a value is
excluded by the Poisson statistics at a significance level
higher that 0.9995 When including also the other sources
of errors, the final significance remains above 99%.

7. The SN rate as a function of the galaxy colors

The SFR is related both to the morphology and to the
color of the galaxies (e.g., Kennicutt, 1998). These are not
one-to-one relations as the dust content, the star forma-
tion history and the presence of recent mergers introduce
large spreads. Nevertheless the SFR-color relation is prob-
ably tighter than the SFR-morphology one as the color is
more directly related to stellar population than morphol-
ogy. For this reason we computed the SN rates also after
binning the galaxies according to their B–K colors. To in-
crease the number of objects in the each color bin we add
up the two types of CC SNe.

The results are shown in Table 3 and plotted in
Figure 5. It is evident that the rate of the CC SNe has a
strong dependence on the galaxy colors, as already noted,
e.g., by C99 when normalizing to the B band. The rate of
Type Ia SNe is also rapidly changing with colors, although
not as quickly as the for CC SNe. This dependence is pro-
duced by the normalization to the stellar mass as it is not
present in C99. It also differs from the results by Turatto
et al. (1994) which, on the base of a limited sample of 5
SNe, studied the type Ia SN rate in early type galaxies,
finding no dependence on some properties of the parent
galaxies, such as ISM content in gas or dust. The varia-
tion of the SN rates with the galaxy color is discussed in
detail in the next section.

The thin dashed line in the lower panel of Figure 5
shows the relation between the B–K color and the CC SN
rate expected from a simple model of spiral galaxy. To
obtain this, first we computed the expected relation be-
tween the B–K color and the SFR by using the GALAXEV
models (Bruzual & Charlot, 2003) with solar metallicity
and an exponentially declining SFR with an e-folding time
of 2 Gyrs. This model can reproduce the properties of a
wide range of galaxies, from early-type spirals to irregu-
lar, just by selecting the appropriate age since the onset
of the star formation (see, for example, Pozzetti et al.,
1996). Second, the SFR was converted into an expected
SN rate by integrating the IMF for masses between 8 and
40 M!. (see, for example, Madau et al., 1998). As a conse-
quence we don’t have any free parameter in plotting this
line. The model considered is very simple, as it includes
only one star formation history, only solar metallicity and
no dust. Nevertheless it is evident from Figure 5 that it
accurately predicts the behavior of the CC SN rate as a
function of the galaxy color, confirming that the progeni-
tors of the CC SNe are young populations related to the
ongoing star formation. It is also evident that the number
of CC SNe actually observed is lower by about a factor
of 2 than the model predictions. This is not unexpected
as the model considered here is very simple: as an ex-
ample, reducing the metallicity of the galaxies to 40%
solar would produce galaxies with colors bluer of about
B-K∼0.3, greatly reducing the discrepancy. Nevertheless,
this is also consistent with the claims from near-IR SN
searches (as Mannucci et al., 2003) that a considerable
fraction of the SN expected CC SNe are missing from the

4 F. Mannucci et al.: The supernova rate per unit mass

Table 1. Number of SNe and galaxies per morphological
bin

Type Ngal Ia Ib/c II
E/S0 2048 21.0 0 0
S0a/b 2911 18.5 5.5 16.0
Sbc/d 2682 21.4 7.1 31.5
Irr 644 6.8 2.2 5.0

Fig. 3. Distribution of galaxy stellar mass for the different
morphological classes

were used to compute the SN rate as a function of the
B–K color (section 7).

The final numbers of SNe and galaxies used in our
computations are reported in Table 1. The non integer
number of SNe are due to the presence of a few SNe with
incomplete or unknown classification which were divided
into different classes, as explained in C97.

5. Galaxy mass

The total stellar mass of the galaxies can be derived
from the observed broad-band fluxes by fitting them
with spectrophotometric galaxy evolution models (e.g.,
Brinchmann & Ellis, 2000; Dickinson et al., 2003). When
the redshift and the morphological type of a galaxy is
known, these methods are expected to give rather accu-
rate results: for a given Initial Mass Function (IMF), the

typical uncertainties in the total masses are less than 40%.
Larger uncertainties, up to a factor of two, are associated
to the IMF as the low mass stars give a dominant con-
tribution to the total mass and a secondary one to the
luminosity. For example a difference of a factor of two in
galaxy mass is found between the Salpeter (1955) IMF,
which is rich of low-mass stars, and the Kroupa (2001)
IMF, that has a shallower slope for masses below 0.5M!.
Fortunately, as far as no systematic difference of IMF are
present along the Hubble sequence, this uncertainty has
the only effect of shifting up and down the total mass
without introducing relative changes along the Hubble se-
quence.

We estimate the mass of the galaxies by using the
method developed by BJ01. These authors computed the
mass-to-light ratio (M/L) by using galaxy evolutionary
synthesis models and found a tight correlation between
M/L and the optical-to-near-IR colors: for a given K-band
magnitude, bluer galaxies are less massive because they
have a younger populations. Therefore, the stellar mass
can be derived from the K-band luminosity and the B–K
color, which is an indicator of the mean age of the popu-
lation. Based on the use of the luminosities in two bands
only, this method can be applied to large samples of galax-
ies with data available for a limited number of filters. This
is our case as most of the galaxies monitored during the
SN searches have B and K-band magnitudes available.

As mentioned above, the stellar mass derived depends
on the adopted IMF which cannot be easily constrained
from the data and therefore must be assumed a priori.
BJ01 use a Salpeter IMF and scale down of a factor of
0.7 the resulting M/L ratio to obtain ”maximum disk”
mass, i.e., the maximum mass compatible to the observed
rotation curve.

BJ01 constructed their models to reproduce the prop-
erties of the spiral galaxies. These galaxies show a wide
range of properties, from the quiescent S0 to the very
active Sd, and this is why these models can produce a
wide range of colors. For example, the B-V color range
covered by the BJ01 models goes from 0.29 to 0.95, cor-
responding, respectively, to the average color of the irreg-
ulars (B–V=0.27) and ellipticals (B–V=0.96, Fukugita et
al., 1995). As a consequence these models can be used to
compute the M/L ratio along the whole Hubble sequence,
from Elliptical to Irregulars.

BJ01 tested the robustness of their method by us-
ing several independent evolutionary models, and studied
the effect of introducing secondary bursts of star forma-
tion (galaxy become brighter but bluer) or dust extinction
(galaxies become fainter but redder). Apart from the effect
of the IMF, the uncertainties on the M/L of this method
are about 0.4 dex peak-to-peak.

From the coefficients provided in Table 1 of BJ01 we
have derived the relation giving the stellar mass from the
K-band luminosity LK and the total color (B–K):

log

(

M/LK

M!/L!

)

= 0.212(B− K) − 0.959 (1)

[Mannucci et al A&A 433(2005)807]



SN rate of our Galaxy

Our Galaxy :  Sbc

Ib/c + II 0.46± 0.17h2
75 SNuK

LK = 8.9× 1010L!

4.1± 1.5 h2
75/(100yr)SN rate  =

= 1/[(24± 9) h−2
75 years]



Core Colapse SN rate

• E/S0 :  Sa/b : Sbc/d: Irr = 0.32 : 0.28 : 0.34 :  0.06

• core collapse SN = SN Ib/c + SN II

(CC SNR) = (0.44± 0.13)h2 SNuK
SNuK = 1/(100yr)/(1010LK,!)

j = (7.14± 0.75)× 108hLK,!Mpc−3
K-band luminosity density

RSN = (3.11± 0.96)× 10−4h3 yr−1Mpc−3

= (1.21± 0.37)× 10−4 yr−1Mpc−3



Star Formation Rate (SFR)

• Salpeter Initial Mass Function (IMF)

• From SFR  to SN rate 

• From Local SN rate  to SFR (z=0)

RSN = ψ(t)
∫ 100M!

8M!

dM
φ(M)

M

ψ(t) = 1.347× 102M! RSN

log[ψ(z = 0)/(M!yr−1Mpc−3)] = −1.79± 0.15

H!
[Hanish et al astro-ph/0604442]

log[ψ(z = 0)/(M!yr−1Mpc−3)] = −1.79+0.13
−0.07(stat)± 0.03(sys)

φ(M) =






1
3.532M!

(
M

M!

)−1.35
(M ≥ 0.1 M")

0 (M < 0.1 M")



Observations of SFR 

UV

H +  –> p + e

p + e  –> H + 

UV
H

Dust

FIR
Massive star

SFR = LHα/(1.25× 1034 W)

SFR = LFIR/(2.22× 1036 W)
SFR = LUV/(7.14× 1020 W Hz−1)

SFR in units of M!yr−1

High star 
formation rate

many massive stars

large UV flux

τMS ! 2.3 Myr

(
M

100M!

)−2

T ! 4.3× 104 K

(
M

100M!

)0.3

all photons (<912Å) 
are absorbed



Evolution of SFR

[Fukugita MK MNRAS 340 (2003) L7]

IMF:  Salpeter+GBF 

log SFR(Salpeter) - 0.22

H

H

SNe

UVISO

SK
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M
in

Radio



SFR evolution

[Hopkins ApJ 615 (2004) 209]



GW Test of Gravitational Theory



Test of Gravitational Theory

• Einstein gravity

• Scalar-tensor theories

metric theory of gravity non-gravitational fields respond 
only to the spacetime metric g

I =
1

16πG

∫
R(−g)1/2d4x + Im(ψm, gµν)

I =
1

16πG

∫ [
φR− 1

φ
ω(φ)gµν∂µφ∂νφ− φ2V

]
(−g)1/2d4x + Im(ψm, gµν)

Brans-Dicke ω = const, V = 0

γ =
1 + ω

2 + ω
β = 1 + Λ = 1 +

dω/dφ

(3 + 2ω)2(4 + 2ω)
PPN 

parameters

string theory



Post Newtonian Gravity

Oder of smallness U ∼ v2 ∼ ε

Metric
g00 = −1 + 2U − 2βU2 + (2γ + 2)Φ1 + 2(3γ − 2β + 1)Φ2 + O(ε3)

g0i = −1
2
(4γ + 3)Vi −

1
2
Wi + O(ε5/2)

gij = (1 + 2γU)δij + O(ε2)

Metric Potential

U =
∫

ρ′

|x− x′|d
3x′ Φ1 =

∫
ρ′v′2

|x− x′|d
3x′ Φ2 =

∫
ρ′U ′

|x− x′|d
3x′

Vi =
∫

ρ′v′
i

|x− x′|d
3x′ Wi =

∫
ρ′[v′ · (x− x′)](x− x′)i

|x− x′|3 d3x′

Einstein gravity

Brans-Dicke

γ = β = 1

γ = (1 + ω)/(2 + ω)
β = 1



Constraint on $

• Deflection of light

VLBI  obs. of QSOs and radio 
galaxies

• Time delay of light

Cassini spacecraft

γ − 1 = (−1.7± 4.5)× 10−4

γ − 1 = (2.1± 2.3)× 10−4

Optical

Radio

VLBI

Hipparcos

DEFLECTION
  OF LIGHT

PSR 1937+21

Voyager

Viking

SHAPIRO
TIME
DELAY

1920 1940 1960 1970 1980 1990 2000
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+
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(1X10-5)

2X10-4

Figure 5: Measurements of the coefficient (1 + γ)/2 from light deflection and time delay measure-
ments. Its GR value is unity. The arrows at the top denote anomalously large values from early
eclipse expeditions. The Shapiro time-delay measurements using the Cassini spacecraft yielded an
agreement with GR to 10−3 percent, and VLBI light deflection measurements have reached 0.02
percent. Hipparcos denotes the optical astrometry satellite, which reached 0.1 percent.
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Gravitational Wave tests of Gravitational Theory

Scalar-tensor theory 
2 quadrupolar 

+ 1 monopolar modes

• polarization of gravitational waves

x

y

x

y

z

x

z

y

x

y

z

y

(b)

(d)

(f)(e)

(c)

(a)

Gravitational!Wave Polarization

Figure 8: The six polarization modes for gravitational waves permitted in any metric theory of
gravity. Shown is the displacement that each mode induces on a ring of test particles. The wave
propagates in the +z direction. There is no displacement out of the plane of the picture. In (a),
(b) and (c), the wave propagates out of the plane; in (d), (e), and (f), the wave propagates in
the plane. In GR, only (a) and (b) are present; in massless scalar-tensor gravity, (c) may also be
present.
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3 modes + 2 direction cosines
= 5 unknowns

5 detectors determine 
polarization



Gravitational Wave tests of Gravitational Theory

Scalar-tensor theory 

Quadrupole + dipole radiation

change of motion of binary system

change of phase

h̃ =
√

3
2
Af7/6eiψ(f)

A =
1√

30π3/2

M5/6

DL

M = η3/5(m1 + m2)

η = m1m2/(m1 + m2)2

Fourier transform of waveform

• gravitational radiation back-reaction

G = 1



phasing function

v ∼ (M/R)1/2 ∼ (πMf)1/3

S = α1 − α2 αi “scalar charge”

sensivity of mass to 
change of scalar field

αi = 1− 2si = 1− 2
(

∂(lnmi)
∂(lnGeff)

)

N

BH:   !=0
NS:   != 0.6-0.8

BH-NS binary is the best

no-hair theorem

ψ(f) = 2πftc − φc + 3
128 (πMf)−5/3

×
[
1− 5S2

84ω η2/5(πMf)−2/3 +
(

3715
756 + 55

9 η
)
(πMf)2/3

−16πη−3/5(πMf) + 4βη−3/5(πMf) · · ·
]

spin-orbit



LISA BD bound

and spin-spin effects. All results assume ! ! 10. In the left
panel of Fig. 2 we show the corresponding luminosity
distance as a function of the black hole mass MBH.

From Table III we see that the errors on all parameters
increase considerably when spin effects are taken into
account. This applies, in particular, to the chirp mass M
and the parameter ". This spin-induced degradation in
parameter estimation has long been known [15]: it occurs
because (in the absence of precessional effects) the pa-
rameters are highly correlated, so that adding parameters
effectively dilutes the available information.

For technical reasons, when we consider alternative
theories of gravity we only include spin-orbit effects. If
in addition we include spin-spin effects the dimensionality

of the Fisher matrix increases, and the matrix inversion
required to obtain the correlation matrix appears to be
unreliable. This issue is addressed in Appendix B.

In Table IV we show errors and correlation coefficients
for NS-BH binaries at 2PN order when we include the BD
term. For nonspinning binaries the results are similar to
Table I in Ref. [5], except that those authors used templates
at 1.5PN order and did not take into account the factor
!!!

3
p

=2 which appears in Eq. (2.1a). The BD term is highly
correlated with M and " (cM$ and c"$ are both quite
large). Correspondingly, the error on both M and " in-
creases by roughly 1 order of magnitude with respect to the
‘‘general relativistic’’ values listed in Table III. We also
compute the BD bound obtained by inverting only the
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FIG. 2 (color online). Left: Luminosity distances DL of NS-BH binaries observed with SNR ! 10 as a function of the black hole
mass. We assume that the NS mass MNS ! 1:4M". Right: SNR for equal-mass BH-BH binaries at DL ! 3 Gpc as a function of the
total mass. Solid lines refer to the LISA noise curve (2.31) used in this paper; dashed lines refer to the same noise curve without
including the white-dwarf confusion noise. The ‘‘bump’’ in the noise curve due to white-dwarf confusion noise is responsible for the
dip in the SNR for MBH binaries of masses #106M".

TABLE IV. Errors and correlation coefficients in Brans-Dicke theory using 2PN templates, with and without the spin-orbit term. We
consider one detector and set ! ! 10. In the first row we do not consider spin terms; in the second row we also include spin-orbit
effects. When we include the spin-orbit term priors do not have an appreciable effect on parameter estimation. For each binary we also
give the bound !BD;unc that could be obtained (in principle) if all the binary parameters were known and not correlated with the BD
term.

!tc !#c !M=M !"=" !BD !$ cM" cM$ cM$ c"$ c"$ c$$

(s) (%) (%)

$1:4% 400&M", !BD;unc ! 43 057 645
3.82 23.2 0.000 243 0.293 765 014 ' ' ' (0:939 0.421 ' ' ' (0:705 ' ' ' ' ' '
7.95 76.7 0.00 657 2.50 39 190 0.0508 (0:997 (0:997 0.999 0.988 (0:993 (0:999

$1:4% 1000&M", !BD;unc ! 21 602 414
3.79 16.7 0.000 189 0.116 211 389 ' ' ' 0.845 (0:984 ' ' ' (0:926 ' ' ' ' ' '
7.99 58.4 0.00 764 1.86 21 257 0.0557 (0:996 (0:997 1.000 0.987 (0:998 (0:995

$1:4% 5000&M", !BD;unc ! 6 388 639
4.60 12.5 0.000 600 0.0342 50 925 ' ' ' 0.970 (0:998 ' ' ' (0:955 ' ' ' ' ' '
8.79 23.4 0.0114 1.33 6486 0.0550 (0:997 (0:997 0.999 0.988 (1:000 (0:992

$1:4% 104&M", !BD;unc ! 3 768 347
6.59 13.8 0.000 877 0.0253 26 426 ' ' ' 0.979 (0:998 ' ' ' (0:963 ' ' ' ' ' '
13.6 15.5 0.0178 1.61 3076 0.0706 (0:998 (0:998 0.999 0.991 (1:000 (0:993

BERTI, BUONANNO, AND WILL PHYSICAL REVIEW D 71, 084025 (2005)

084025-10

[Berti, Buonanno, Will, PRD71 (2005) 084025]

Spin-Orbit term reduces BD bound

2PN,  SNR = 10, 1 year observation time



High Energy Neutrino



High Energy Neutrino

• Cosmogenic neutrino 

• Waxman and Bahcall

optically thin to protons

• EGRET bound

optically thick to proton but thin to $

• Hidden source

• Top down (decay of superheavy particles…)

p + γCMB → π + · · · → ν + · · ·

~ WB X 40

E2
νdNν/Eν ! 10−8 GeV (cm2 s sr)−1



Ultra-high energy cosmic neutrino spectrum

Anchordoqui et al hep-ph/0508321



Black Hole Formation in TeV Gravity
Large Extra Dimension

x
x

1

n
x n [0, 2 R]

Gravitational Force

F = GN
m1m2

r2 r ! R

F = 1
4πMn+1

∗

m1m2
r2+n r < R

(4πGN )−1 = RnMn+2
∗

R ∼ 10
30
n −17cmM∗ = 1 TeV

n = 2 R ∼ 1mm
n = 7 R ∼ 10−13mm



LEP,  TEVATRON

Strong, electroweak interaction 

4-dimensional for E < 1TeV

Quarks, Leptons, Gauge Bosons are 
confined in 4-dim submanifold

D-Brane in Superstring 
Theory

graviton
lepton

q
(4+n) dim

4dim
brane



KK gravitons

neutrino-nucleon scattering

Extra-dimensions KK-mode with mass 1/R

n = 6, M∗ = 1 TeV
σ ∼ (ER)n/M2

pl ∼ En/Mn+2
∗

q,g

mg = 500 GeV

SM



Earth-skimming tau spectrum at Auger

suppression of Earth-skimming 
tau spectrum

enhance of quasi-horizontal 
showers

SM

X100 X10

σνN Quasi-horizontal Earth-skimming ντ Ratio

Standard Model 0.067 1.3 0.05

SM × 3 0.096 1.1 0.09

SM × 10 0.20 0.68 0.29

SM × 100 1.5 0.081 19

TABLE III: The energy integrated rate (in yr−1) of quasi-horizontal and Earth-skimmers, as

well as their ratio, for the SM cross-section and for different enhancements of the NC component
alone. The cosmogenic neutrino flux has been assumed.

B. Prospects for Flavor Ratio Measurements

In most models of astrophysical neutrino sources, neutrinos are generated through
the decay of charged pions: π+ → µ+νµ → e+νeν̄µνµ or π− → µ−ν̄µ → e−ν̄eνµν̄µ,
thus the flavor ratio at source is νe : νµ : ντ = 1/3 : 2/3 : 0. However, oscillations
modify this ratio as neutrinos propagate to Earth. Given the observed near maximal
mixings [45] and the long baselines involved, the predicted flavor ratio at Earth is νe :
νµ : ντ ≈ 0.36 : 0.33 : 0.31 following Ref. [9]. However, cosmic (anti-)neutrinos may also
be generated in the decay of neutrons: n → p+e−ν̄e. In this case, the initial flavor ratio
of νe : νµ : ντ = 1 : 0 : 0 becomes νe : νµ : ντ ≈ 0.56 : 0.26 : 0.18 at Earth [46]. In
either case a measured deviation from these predictions could indicate new physics if the
neutrino production mechanism is well understood.

To study the sensitivity of Auger to the flavor content, we plot in Fig. 8 the ratio of
quasi-horizontal showers to Earth-skimming events as the νe flux is varied in ratio to the
other flavors. As in Table III, this ratio is 0.05 when the flux is equally spread among
flavors.

V. MODELS OF NEW PHYSICS

A. Low Scale Quantum Gravity

Two of the most important scales in physics are the Planck scale (MPl = G−1/2
N $

1019 GeV) and the weak scale (MW = G−1/2
F $ 300 GeV), and a long standing problem

is explaining the hierarchy between these scales. The traditional view is to adopt MPl as
the fundamental scale and attempt to derive MW through some dynamical mechanism
(e.g. renormalization group evolution). However recently several models [35, 36] have
been proposed where MW is instead the fundamental scale of nature. In the simplest
construction of these models, the SM fields are confined to a 3+1-dimensional ‘brane-
world’ (corresponding to our observed universe), while gravity propagates in a higher
dimensional ‘bulk’ space.

If space-time is assumed to be a direct product of a 3+1-dimensional manifold and a
flat spatial n-dimensional torus T n (of common linear size 2πrc), one obtains a definite
representation of this picture in which the effective 4-dimensional Planck scale is related
to the fundamental scale of gravity, MD, according to [35]

M2
Pl = 8π rn

c Mn+2
D , (4)

where D = 4 + n. If MD is to be not much higher than the electroweak scale, then this
requires rc to be large in Planck units and thus reformulates the hierarchy problem.

12

Anchordoqui et al hep-ph/0508321



νµ + ν̄µ events in IceCube12 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT
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Figure 4. The energy distribution of νµ + ν̄µ events in Icecube. The left and right
panels show the up-going and down-going events, respectively. The Waxman–
Bahcall flux has been used (see section 2). In each panel, the solid line is the event
rate when the neutrino–nucleon cross-section σSM + σADD is used; the dashed line
uses σSM + σRS with a KK graviton mass 500 GeV and # = 1 TeV; the dotted line
corresponds to σSM alone. The figure is a modified version from [43].

with κ ! 1, depending on the string coupling and compactification of the extra dimensions. Large
effects from string resonances may be produced when E " MS .

General tree-level open-string amplitudes can be constructed based on the Veneziano
amplitude [45],

S(s, t) = %(1 − α′s)%(1 − α′t)

%(1 − α′s − α′t)
, (11)

where α′ = M−2
S is the string tension. This amplitude develops simple poles at

√
s =

√
nMS

with n = 1, 2, . . . , leading to resonances in the matrix elements. The physical effects of these
resonances have been explored [46, 47], including their signatures in cosmic neutrino experiments
[48, 49]. We present the neutrino–nucleon cross-sections due to Veneziano amplitude resonances
in figure 5 [49]. The solid curve shows the prediction for the SM neutral current process,
while the dashed and dot-dashed curves represent string excitations with and without the gluon
contribution, respectively. We see that neutrino–gluon scattering can be the dominant process,
5–10 times larger than the neutrino-quark-induced processes. It is interesting to note that, even
for processes that vanish in the SM at tree level, there can still be substantial stringy contributions
to their amplitudes at high energies. Generally speaking, the energy dependence of the cross-
sections for string resonances are weaker than those for KK states.

The event rates expected in IceCube and Auger have been calculated for these models
[48, 49]. With the SM interactions, only about 0.2 (0.7) shower events per year are expected in
the experiment from a cosmogenic (Waxman–Bahcall) neutrino flux. These rates can be enhanced
by a factor of 5–6 due to string excitations with MS = 1 TeV or a factor of about 1.5–1.7 with
MS = 2 TeV.

New Journal of Physics 6 (2004) 150 (http://www.njp.org/)

[Alvarez-Muniz et al PRL 88 (2002) 021301]



BH Production by Cosmic Rays
p

Greisen neutrino

Air Shower

Earth

Rs

parton

BH Formation

Rs : Schwarzshild radius



Schwarzshild Radius in (4+n) dim.

gravitaional potential

U4+n(r) ∼ 1
M2+n

∗

M

rn+2

Equating kinetic energy of a particle moving at the speed of light, 

1
2
mc2 ∼ mM

Mn+2
∗ rn+1

Rs ∼
1

M∗

(
M

M∗

) 1
n+1

Rs =
1

M∗

[
M

M∗

(
2n+1π(n−3)/2Γ((n + 3)/2)

n + 2

)] 1
n+1



Parton-neutrino cross section

: i-th parton

Nucleon-neutrino cross section

: parton distribution function (PDF)

SM Process

for high energy neutrino

Cross Section

σ(Nν → BH) =
∑

i

∫ 1

M(BH,min)2/s
dx σ(iνν → BH)fi(x)

fi(x)

i
s = 2mNEν

νN → "N
σBH ! σSM

σ(iν → BH) " πR2
s(xs)

geometric cross 
section

Rs : Schwarzshild radius

xmin ≡MB,min/M∗



FIG. 1: Cross sections σ(νN → BH) for n = 6 and (MD, xmin) = (1 TeV, 1) (solid), (1 TeV, 3)

(long dash), (2 TeV, 1) (short dash), (2 TeV, 3) (dot-dash), and parton cross sections πr2
s (left) and

πr2
se

−I (right). The dotted curve is the SM cross section σ(νN → $X). The horizontal lines are

the cross sections corresponding to interaction lengths equal to the vertical and horizontal depths
of IceCube. (See text.)

The neutrino-nucleon scattering cross section is then [11]

σ(νN → BH) =
∑

i

∫ 1

(xminMD)2/s
dx σ̂i(xs) fi(x, Q) , (6)

where
xmin ≡ Mmin

BH /MD
>∼ 1 (7)

parameterizes the minimal black hole mass for which we expect a semi-classical description
to be valid, s = 2mNEν , the sum is over all partons i, and fi are the parton distribution
functions. The cross section is highly insensitive to choice of momentum transfer [11];
e.g., the choices Q = MBH [9] and Q = r−1

s [13], lead to cross section differences of only
10% to 20%. These cross sections are typically also insensitive to uncertainties at low x.
For example, even extremely high energy neutrinos with Eν ∼ 1010 GeV probe only x >∼
(1 TeV)2/1010 GeV2 ≈ 10−4, within the range of validity of the CTEQ5 parton distribution
functions we use [44].

Cross sections for black hole production by cosmic neutrinos are given in Fig. 1. The SM
cross section for νN → #X is included for comparison (dotted curve). As a result of the sum
over all partons and the lack of suppression from small perturbative couplings, the black
hole cross section may exceed SM interaction rates by two or more orders of magnitude.

Note that in our conventions, the cross section rises for increasing n and fixed MD. In
conventions where the fundamental Planck scale is taken to be M∗ with

1

GD
= M2+n

∗
, (8)

this behavior is reversed: the cross section decreases for increasing n and fixed M∗ [11].
The dependence of the cross section on n for fixed Planck scale is convention-dependent
and unphysical; we have adopted the MD convention to simplify comparison with existing
collider bounds.

4

n = 6
(M∗, xmin) = (1TeV, 1) (1TeV, 3) (2TeV, 1)(2TeV, 3)

SM



Hawking Radiation

• Temperature

• Lifetime

• Average multiplicity

BH Hawking Radiation

τ ∼ 1
M∗

(
MBH

M∗

) 3+n
n+1

∼ 10−27sec

(
MBH

M∗

) 3+n
n+1

〈N〉 ∼ 〈MBH/TH〉 10 TeV BH ⇒ 〈N〉 ∼ 50

TH = M∗

(
M∗

MBH

n + 2
2n+1π(n−3)/2Γ((n + 3)/2)

) 1
n+1 n + 1

4π
=

n + 1
4πRs



Detection

BH decay 10% charged leptons
75% hadronic

• Neutrino telescope (IceCube, …)

muon track,  tau event

• Air shower experiments (AGASA,…)

neutrino-like event



M∗ = 1 TeV, xmin = 1 xmin = 3

[Alvarez-Muniz et al PRD65 (2002) 124015]

Angular distribution of muon tracks above 500TeV



Showers seen by Auger (quasi-horizontal showers)

[Anchordoqui et al hep-ph/0508312 ]

cosmogenic Waxman-Bahcall

SM
SM

M∗ = 10, 7, 5, 4, 3, 2, 1 TeV (from below)
xmin = 3



Showers seen by Auger (Earth skimming tau neutrino)

FIG. 13: The spectrum of Earth skimming, tau neutrino black hole induced showers as would

be seen by Auger for the cosmogenic flux (left) and the Waxman-Bahcall flux (right). The
dashed lines indicates different values of the fundamental Planck scale (from below M10 =

1, 2, 3, 4, 5, 7, 10 TeV; in all cases MBH,min = 3M10), while the solid line is the SM prediction.

FIG. 14: The spectrum of quasi-horizontal, deeply penetrating, neutrino string-ball induced
showers as would be seen by Auger for the cosmogenic flux (left) and the Waxman-Bahcall flux

(right). The dashed lines refer to the string scale Ms = 1 TeV (upper) and Ms = 2 TeV (lower),
while the solid line is the SM prediction.

B. Non-perturbative Electroweak Interactions

The transition probability between two flat space vacua can be calculated in a
Minkowski framework in analogy with WKB tunneling through non-vacuum fluctuations,
or by evaluating the minimal action appropriate to a classical solution of Euclidean space
in a given topological sector [97]. As is well known, in Yang-Mills theories the inclusion of
massless fermions fundamentally alters the picture [98]: transitions between vacua (sep-
arated by energy barriers whose minimum height is set by the sphaleron energy Esp [99])
will be totally suppressed unless accompanied by the simultaneous emission or absorption
of all fermions coupled to the gauge field. In the Minkowski description, these fermions

21

[Anchordoqui et al hep-ph/0508312 ]



Inflation Models



Inflation models

• Chaotic Inflation

• natural (no initial value problem)

• take place at planck time

• inflaton

• Hybrid Inflation

• initial value problem

• cosmic string

• New Inflation

• severe initial value problem

• flatness (longevity) problem

φ > MG

Hubble 

High 

Low 

Flat Potential SUSY

Inflation

% problem



superpotential 

 

Köhler potential 

scalar potential

flat potential inflation
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Hybrid inflation in supergravity 

W = λSΨ̄Ψ = µ2S

K = |S|2 + |Ψ̄|2 + |Ψ|2

R charge S(+2) ΨΨ̄(0)

U(1) gauge int S(0) Ψ̄(−1) Ψ(+1)

σ = ReS/
√

2
σ > σc

√
2µ/λ ⇒ Ψ̄ = Ψ = 0

spectral index ns ! 0.98− 1.0



Shift symmetry
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MK, Yamaguchi, Yanagida PRD63 (2001)103514

Chaotic Inflation in Supergravity

W = mXΦ

K = (Φ + Φ∗)2

Φ→ Φ + iC

Φ = η + iϕ

ns ! 0.96spectral index

V (η = 0,ϕ, X) ! 1
2
mϕ2 + m2|X|2



WMAP three years data
Constraints on tensor modes

•r < 0.8 (95% CL) WMAPII only 

•r < 0.5 (95% CL) WMAPII+SDSS

• Both the scale-invariant Harrison-Zel’dovich power spectrum 

and the ! !4 model are disfavoured w.r.t. to the m2 !2 model by 

likelihood ratios greater than 50.

Spergel et al (2006)
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Axion



Axion and Strong CP Problem

L = Lθ=0 + θ
g2

32π2
F aµν F̃ a

µν
QCD

CP

Experiment θ <∼ 10−9

strong CP problemWhy is & so small?

The  only known solution to strong CP prob. 

Peccei-Quinn Mechanism

AXION



Peccei-Quinn Mechanism

Introduce U(1) and make & dynamical variable

Spontaneous symmetry breaking of U(1) at 

Nambu-Goldstone boson  =  AXION

QCD instantton effect

Minimum of & potential

           &=0

T=0

T=T

T high

i

V

a2  F a 4  F a

a ≡ Faθ Φa = |Φa|eiθ

〈Φa〉 #= 0

ma = 0.62× 10−5eV

(
Fa

1012GeV

)−1

Fa

Fa : PQ scale



Constraints on PQ scale

Astrophysics   SN198A Cooling

Cosmology (PQ after inflation)

Coherent oscillation

Axions from axionic strings

Axions from domain walls

Fa >∼ 1010 GeV

Fa < (2.4± 1.4)× 1011 GeV
Yamaguchi,MK,Yokoyama 

PRL 82 (1999)4578

Fa < (1− 5)× 1011 GeV

Fa ! (1− 30)× 1010 GeV



Constraints on PQ scale

Astrophysics   SN198A Cooling

Cosmology (PQ before inflation)

Coherent oscillation

Fa >∼ 1010 GeV

Fa < (0.3− 1.4)× 1012θ−1.7 GeV

Fa ! (0.01− 1.4θ−1.7)× 1012 GeV



Relax the cosmological bound on PQ scale

Entropy Production dilute axions

Ωah2 ! 5.3
(

TR

MeV

) (
Faθ

1016GeV

)2

Faθ < 1.6× 1015GeV

(
TR

MeV

)−1/2

Even huge entropy production cannot dilute 
axions completely 

MK, Moroi, Yanagida PLB384 (1996)313



PQ symmetry breaking before inflation

Fa ! (0.01− 1.4θ−1.7)× 1012 GeV

Large isocurvature fluctuations

During inflation

After QCD phase 
transition

δρa

ρa
! 2

δθ

θ
! H

πFaθ

δa

a
! δθ

θ
! H

2π

1
Faθ

H ∼ 1010 GeVFa ∼ 1012GeV ⇒ δa ∼ 10−2

Axionic isocurvature can be observed
in CBM spectrum 



Isocurvature Perturbations
adiabtic vs isocurvature

ρ ρ

x x

adaibatic isocurvature

Smγ = δ(nm/nγ)
nm/nγ

= δρm

ρm
− 3

4
δργ

ργ
= 0

Smγ != 0

radiation

matter

κ =
(

S

Ψ

)

RD

=
V ′

H2
I Faθ



TT correlation: adiabatic vs isocurvature
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Constraint from WMAP 1st year
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Expected isocurvature fluctuations

chaotic inf.

hybrid inf. δa ∼ (10−7 − 3× 10−2)
(
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)−1
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Saxion 
SUSY saxion + axino

flat direction
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Dilution by entropy production



Saxion Decay
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511 keV Gamma Ray from Saxion Decay

Recent INTEGRAL/SPI obs.

511keV line from Galactic bulge

Knödlseder et al (2005) 50' significance

Φ511 = 1.05 ± 0.06 × 10
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s
−1

Saxion decay 
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Line Gamma

d!dif

d"!
! 2n";0"2!

4#H0

!"!
m"

"
3=2

F"m"=2"!#

$ exp
#
%

Z m"=2"!

0
dx

"2!

H0
x%5=2F"x#

$
; (11)

where n";0 is the present number density of moduli, H0 !
100h km= sec =Mpc is the present Hubble parameter and
F"x# ! &#m ' "1%#m %#$#=x'#$=x3(%1=2. Here
we use #m ! 0:27, #$ ! 0:73, and h ! 0:71 [9]. Since
"%1
2! ) H%1

0 , Eq. (11) can be simplify to

d!dif

d"!
! 2#"$C;0"2!

4#m"H0

!"!
m"

"
3=2

F"m"=2"!#: (12)

We plot the extragalactic diffuse gamma-ray spectra of
three typical decay rates for various moduli masses in
Fig. 3. The observational constraints are from COMPTEL
(below 30 MeV) [10] and EGRET (above 30 MeV) data
[11]. We also plot the data from the Solar Maximum
Mission (SMM) Gamma-Ray Spectrometer in the energy
range 0.3–8.0 MeV [12]. For the direct decay rate, the mass
of the moduli is very restricted such that m" & 1:5 MeV.
On the other hand, when two photons are emitted through
loop diagrams, the constraint on the mass is relatively less
stringent: m" & 30"60# MeV for N ! 3 (1).

The most stringent constraints will come from the two
photon emission from our galaxy. Since the cosmological
redshift is negligible, it results in a line spectrum with
energy half the moduli mass, m"=2. Since our assumption
is that the annihilations of the positron from the moduli
decay account for the observed 511 keV line in the galactic
bulge, the ratio of the flux of 511 keV line and two-gamma

directly decayed from the moduli can be expressed as

!2!

!511
’ "2!

"e

#
f
4
' "1% f#

$%1
: (13)

Thus, the spectrum of the line gamma is given by

"2!
d!2!

d"!
’ r!2!

%#

! "!
%"!

"
"!; (14)

where %# is the solid angle for 330* < ‘< 30* and jbj<
10*, and r + 0:993 is the fraction of the flux coming from
the corresponding solid angle. %"!="! is the fractional
energy resolution of the observation. We adopt %"!="! ’
0:08 for "! ! 1–30 MeV for COMPTEL, while
%"!="! ’ 0:13 for "! ! 30–100 MeV for EGRET. For
INTEGRAL, the energy resolution is %"! ’ 2 keV for
"! ! 0:5–1 MeV.

Let us first examine the case which the moduli decay
into two photons by the tree decay width (9). Then the ratio
of the flux becomes

!2!

!511
’ b2

8

!m"

me

"
2
#
f
4
' "1% f#

$%1
: (15)

Since &f=4' "1% f#(%1 ’ 3:6, the two-gamma flux is
much larger than 511 keV line, which is completely ex-
cluded by observations. For m" ! 2me, both of the com-
ponent could explain the 511 keV line, if we lower the
moduli abundance. In this case, however, continuum spec-
trum just below 511 keV cannot be explained by 3! con-
tinuum flux from positronium formation, which was the
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FIG. 3 (color online). Extragalactic diffuse gamma spectrum.
We show m" ! 1:022, 1.5, and 2 MeV for the direct decay rate
(9), m" ! 10, 20, 30, and 40 MeV for the one-loop decay with
N ! 3, and m" ! 30, 40, 50, 60, and 70 MeV for N ! 1.
Crosses are from COMPTEL below 30 MeV, and EGRET data
above 30 MeV. We also plot SMM data with thin solid line with
two dashed lines above and below, representing 25% uncertain-
ties.
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FIG. 4 (color online). Line spectra of two photons decayed via
one-loop diagram with N ! 1 from the moduli in our galaxy.
Three dotted lines show the fractional energy resolution of 0.13,
0.08, and 0.001, from the bottom to the top. Data are from
INTEGRAL ("! < 1 MeV) [13], COMPTEL ("! !
1–30 MeV), and EGRET ("! > 30 MeV) [7]. Extragalactic
diffuse emission spectra (12) are also shown for comparison.
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Evidence for entropy production

log(f/1Hz)
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Fig. 1. Energy spectrum of the gravitational wave background, ΩGW (f, a0), in a chaotic inflationary model driven

by a massive scalar field. Solid line represents the case with no entropy production. Dash-dotted line depicts the

case with Γχ = 10−7 GeV and the entropy increase factor F = 103. Three intermediate curves are for F = 10

with Γχ = 10−5 GeV (short-dashed line), Γχ = 10−6 GeV (dotted line), and Γχ = 10−7 GeV (long-dashed line),

respectively.
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FIG. 1. Sensitivity (effectively S/N=1) for various detectors (LISA, DECIGO, LIGOII and a detector 103 times less sensitive
than DECIGO) in the form of hrms (solid lines). The dashed line represents evolution of the characteristic amplitude hc for
NS-NS binary at z = 1 (filled triangles; wave frequencies at 1yr and 10 yr before coalescence). The dotted lines represent the
required sensitivity for detecting stochastic background with ΩGW = 10−16 and ΩGW = 10−20 by ten years correlation analysis
(S/N=1).
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