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1. Introduction



After the Higgs discovery in 2012,

® The Standard model (SM) has been found to be a very good
theory below a TeV scale

® But there're some inconsistencies, especially cosmological
side
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Cosmological issues:

® |sotropic, homogenous, flat universe
® Baryon asymmetry
® Dark matter

® Dark energy



Cosmological issues:

* ® Dark matter
® Dark matter (DM) is beyond the SM physics

® Many DM searches are ongoing
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DM searches

® Direct detection

* & e
® |ndirect detection (via cosmic rays) Fermi-LAT

® Collider

® Axion like particle searches
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DM searches

® Direct detection

® |ndirect detection (via cosmic rays) Fermi-LAT
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DM searches

® Direct detection
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DM searches

* ® |ndirect detection (via cosmic rays) Fermi-LAT




Motivations for indirect DM search (theoretical side)

® |t consists of about 27% of the total energy of the universe

® There's a possibility to detect DM that interact with SM
particles very weakly, i.e., to open the discussion of its
stability



Motivations for indirect DM search (experimental side)
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Motivations for indirect DM search (experimental side)

® Positron AMS-02’13
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Motivations for indirect DM search (experimental side)

® Antiproton AMS-02°16
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4.50 indication of a DM signal for DM masses near 80 GeV

Cuoco, Kramer, Korsmeier ’17
Cui, Yuan, Tsai, Fan’17



Are those really DM signals?



Are those really DM signals?

—> We may check with other observables

Today'’s topic

DM search using extragalactic gamma rays

(including local galaxy distributions)



Important ingredients for our study:

a). Inverse-Compton (IC) 7 -rays in the extragalactic region
b). Astrophysical sources in the extragalactic region

c). Tomographic cross-correlation using local galaxy distribution



Important ingredients for our study:

a). Inverse-Compton (IC) 7 -rays in the extragalactic region

Kl, Matsumoto, Moroi ‘09
Profumo, Jeltema 09



Important ingredients for our study:

a). Inverse-Compton (IC) 7 -rays in the extragalactic region

b). Astrophysical sources in the extragalactic region

Part |

Ando, K| 15




Important ingredients for our study:

b). Astrophysical sources in the extragalactic region

c). Tomographic cross-correlation using local galaxy distribution

Cuoco, Xia, Regis, Branchini, Fornengo, Viel '15



Important ingredients for our study:

a). Inverse-Compton (IC) 7 -rays in the extragalactic region
b). Astrophysical sources in the extragalactic region

c). Tomographic cross-correlation using local galaxy distribution

Part Il Ando, K| 16




Outline

2. Part I: DM and the extragalactic gamma rays
3. Part Il: DM and local galaxy distributions
4. Ultra high energy cosmic rays and DM

5. Conclusion



2. Part I;
DM and the extragalactic gamma rays



Important ingredients for our study:

a). Inverse-Compton (IC) 7 -rays in the extragalactic region
b). Astrophysical sources in the extragalactic region

c). Tomographic cross-correlation using local galaxy distribution



Important ingredients for our study:

a). Inverse-Compton (IC) 7 -rays in the extragalactic region



a). Inverse-Compton (IC) ") -rays in the extragalactic region

1. About 27% of the total energy of the universe is DM




a). Inverse-Compton (IC) ") -rays in the extragalactic region

2. Assume that high energy ei are produced by decay or annihilation of DM




a). Inverse-Compton (IC) Y -rays in the extragalactic region

3. They hit the CMB photons and produce high energy 7 -rays

IC scattering
e

e A




a). Inverse-Compton (IC) ") -rays in the extragalactic region

Kl, Matsumoto, Moroi '09
Profumo, Jeltema '09

® The story is very simple

® |[f we specify DM model, the QED tells us the IC spectrum
exactly especially for decaying DM

® A good tool to test DM scenarios which accommodate the
anomalous positron or antiproton excess




a). Inverse-Compton (IC) ") -rays in the extragalactic region
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a). Inverse-Compton (IC) ") -rays in the extragalactic region

Gamma-ray spectrum in various DM models
Ando, Kl "15
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Important ingredients for our study:

b). Astrophysical sources in the extragalactic region



b). Astrophysical sources in the extragalactic region

- Blazars M. Ajello et al. ’12, 13 & '15

- Star-forming galaxies (SFG) Fermi-LAT "12
C. Gruppioni et al. ’13

Tomborra, Ando, Murase ’14

- Misaligned active galactic nuclei (mMAGN)
Inoue 11

Mauro, Calore, Donato, Ajello, Latronico 14

They are determined due to recent updates in multi-
frequency measurements of gamma rays



b). Astrophysical sources in the extragalactic reqgion

Blazars M. Ajello et al. 12, '13 & ’15

» active galaxies whose jets are directed toward us
» correlation between gamma and X ray

« ~ 50% of the total EGBR
 uncertainty: ~ 30%

SF Fgrmi-LAT '12
C. Gruppioni et al. '13
*e.g., |\/|i|ky Way ga|axy Tomborra, Ando, Murase '14

» correlation between gamma and infrared
* ~ 10-30% of the total EGBR
 uncertainty: ~ 60%



b). Astrophysical sources in the extragalactic reqgion

Inoue 11
mMAGN Mauro, Calore, Donato, Ajello, Latronico ’14

» active galaxies whose jets are NOT directed toward us
* correlation between gamma and radio
e uncertainty: ~ 200%




b). Astrophysical sources in the extragalactic region

Ando, Kl '15
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b). Astrophysical sources in the extragalactic region
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——> (Constraints on DM scenarios



Important ingredients for our study:

a). Inverse-Compton (IC) 7 -rays in the extragalactic region

b). Astrophysical sources in the extragalactic region
Ando, KI '15



Decaying DM

Ando, Kl 15
For the anomalous positron
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Without astrophysical components
Ando, Kl 15

For the anomalous positron
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In the study, we considered that the gamma rays from the extragalactic
region is

® Statistically isotropic

® |[ntegrated over the cosmological distances



In the study, we considered that the gamma rays from the extragalactic
region is

® Statistically isotropic

® [ntegrated over the cosmological distances

But due to the recent observational developments,

® Anisotropies
® Cosmological distances

of the gamma rays can be used for the study



Important ingredients for our study:

c). Tomographic cross-correlation using local galaxy distribution



3. Part ll:
DM and local galaxy distributions



Ingredients for further analysis:

® Anisotropies

® Cosmological distances



c). Tomographic cross-correlation using local galaxy distribution

Gamma rays are almost isotropic, but ..

DATA (P6_V3 diffuse), 1.0-2.0 GeV
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c). Tomographic cross-correlation using local galaxy distribution

There're anisotropies

DATA (P6_V3 diffuse), 1.0-2.0 GeV

— g

—7.0 e—————— s 4.0 Log (Intensity [em™ s7' sr7'])

Fermi-LAT 12



Ingredients for further analysis:

® Anisotropies

DATA (P6_V3 diffuse), 1.0-2.0 GeV

—7.0 e— s 4.0 Log (Intensity [em™ s™! sr7'])

Fermi-LAT 12



Ingredients for further analysis:

® Cosmological distances



c). Tomographic cross-correlation using local galaxy distribution

Galaxy distribution
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c). Tomographic cross-correlation using local galaxy distribution

Corona Borealis Bootes Coma .
Supercluster (0.072) Sus)oeg:lsuls)ter Cluster Ophiuchus

0.023 Cluster 5
( ) (0.058) Virgo Cluster (16 Mpc)

Hercules
Supercluster (0.037)

Ursa Major Supercluster k _ Leo Supercluster (0.032)
(0.058)

N

Abell 569 — 6
Cluster (0.019) 4%

Perseus-Pisces
Supercluster (0.017+) M31
Large Magellanic Cloud

Pisces-Cetus

Fornax Cluster (20 Mpc)
Supercluster (0.063) Cetus Wal
(0.02)

] Horolo?ium
Pavo-Indus )Superc uster (0.067)

Sculptor Supercluster ~ Supercluster (0.015 Redshift (Vs /&)
~054)

0.0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08



c). Tomographic cross-correlation using local galaxy distribution
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We know the distance from each galaxy by its redshift




c). Tomographic cross-correlation using local galaxy distribution

Ingredients for further analysis:

® Anisotropies

DATA (P6_V3 diffuse), 1.0-2.0 GeV




c). Tomographic cross-correlation using local galaxy distribution

Ingredients for further analysis:

® Anisotropies

® Cosmological distances

DATA (P6_V3 diffuse), 1.0-2.0 GeV
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c). Tomographic cross-correlation using local galaxy distribution

DATA (P6_V3 diffuse), 1.0-2.0 GeV
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c). Tomographic cross-correlation using local galaxy distribution

CoronarBoreali oote: Coma .
Supe rcluggﬁ(e&&zi E@%ﬁ%{erd&)&%&%})b @glhl.: ;Jt 4
N TN (0.028)

= ; Shapley Concentration (0.048+)

chus) — 2.0 GeV
e :
Hergules 5 Virgo Cluster (16 Mpc)
Supercluster (0.037) ’
Ursa Major Supercluster —

(0.058)

Leo Supercluster (0.032)

Centaurus Cluster (0.02)

Abell 634

Cluster (0.025 CMB dipole

Abell 569

Hydra Cluster
Cluster (0.0 (0.01)

e Columba
g7~ . Cluster (0.034)

Norma & Great Attractor
Perseus-Pisces (0.016)
Supercluster (0.017+)
Large Magellanic Cloud

Pisces-Cetus : B
Supercluster (0.063) Cetus
(0.02) =

R u
7 () mmmm—SCUIPtOr Supercluster Superciuster
7.0 (0.054)

- Fornax Cluster (20 Mpc)
orologium
S)Supercluster (0.067)
~4.0 Log (Intensity [

i _ Redshift (Vn /
i S e

0.0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

amma rays are expected to trace galaxy distribution

—> (Cross correlation



c). Tomographic cross-correlation using local galaxy distribution

DATA (P6_V3 diffuse), 1.0-2.0 GeV

s 4.0 Log (Intensity [em™ s™' sr7'])
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c). Tomographic cross-correlation using local galaxy distribution

DATA (P6_V3 diffuse), 1.0-2.0 GeV

s 4.0 Log (Intensity [em™ s™' sr7'])
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c). Tomographic cross-correlation using local galaxy distribution

DATA (P6_V3 diffuse), 1.0-2.0 GeV

s 4.0 Log (Intensity [em™ s™' sr7'])

Abell 634
Cluster (0.025)

Abe

I 569
Cluster (0.019)£%

Perseus-Pisces *
Supercluster (0.017+)

dN/dInz

Corona Borealis Bootes Coma .
Supercluster (0.072) Supercluster Cluster Ophiuchus
(0.061)  (0.023) %“g‘é%r) Virgo Cluster (16 Mpc)

Hercules
Supercluster (0.037)
Ursa Major Supercluster
(0.058)

Leo Supercluster (0.032)
Shapley Concentration (0.048+)

Centaurus Cluster (0.02)

Columba
Cluster (0.034)

Norma & Great Attractor
(0.016)

M31

Large Magellanic Cloud

Pisces-Cetus

=
Fornax Cluster (20 Mpc)
Supercluster (0.063) Cetus Wall
(0.02)

Horolo?ium
Pavo-Indus Supercluster (0.067)
Sculptor Supegcluster Supercluster (0.015)

Redshift distribution

Redshift (V4 / )

0.0 0.01 0.02 0.03 0.040.05 0.06 0.07 0.08

[ —-—- SDSSDR8 MG ]

SDSSDR8 LRG
2+ — SDSSDR6 QSO -
- - - NVSS

Redshift z



c). Tomographic cross-correlation using local galaxy distribution

: i Boot Coma
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c). Tomographic cross-correlation using local galaxy distribution
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c). Tomographic cross-correlation using local galaxy distribution
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c). Tomographic cross-correlation using
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c). Tomographic cross-correlation using local galaxy distribution

Fermi—2MASS CCF E>1 GeV

| | | |||||| | | | |||||| | | I T 1T 1T1TQ
3x107%F -
— - o P7REP model 1
T : X P7 model .
X - ]
& 2x107°F E
| . -
& - H ]
L = m
—9f =
g 10k % ]
E)_/ - % .
O - .
- %%%ﬁﬁ@@ .
OF-----------"- - %ﬁ—%-@%%—eﬁ
[ | | | |||||| | | | |||||| | | L 1 111
0.1 1.0 10.0 100.0

6 [deg]

Xia, Cuoco, Branchini, Viel ’15

Cross-correlation signal for < 1°



c). Tomographic cross-correlation using local galaxy distribution
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c). Tomographic cross-correlation using local galaxy distribution

Theoretical calculation

01y = I, — (1)
0%y = Xg — (Xg)

C79(0) = (51,(R) 62, (R + 0))
1 1

V-ray flux galaxy distribution




c). Tomographic cross-correlation using local galaxy distribution

Theoretical calculation
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c). Tomographic cross-correlation using local galaxy distribution

Theoretical calculation

C79(0) = (51,(R) 62, (R + 0))
1

V-ray flux
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c). Tomographic cross-correlation using local galaxy distribution

Theoretical calculation

C79(0) = (51,(R) 62, (R + 0))
1

V-ray flux
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c). Tomographic cross-correlation using local galaxy distribution

Theoretical calculation

01y = I, — (1)
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c). Tomographic cross-correlation using local galaxy distribution

Theoretical calculation

oLy = I, = (L)
529 — Zg - <Eg>

C79(0) = (51,(R) 62, (R + 0))
1

V-ray flux

= DM + astro. sources

Astro. sources
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Ajello et al. ‘15
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Gruppioni et al. '13
Tamborra, Ando, Murase ’14



c). Tomographic cross-correlation using local galaxy distribution

Theoretical calculation

01y = I, — (1)
0%y = Xg — (Xg)

C79(0) = (51,(R) 62, (R + 0))
1

V-ray flux

= DM + astro. sources
Astro. sources (window function)
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c). Tomographic cross-correlation using local galaxy distribution

Theoretical calculation
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c). Tomographic cross-correlation using local galaxy distribution

Advantages of tomography
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c). Tomographic cross-correlation using local galaxy distribution

Advantages of tomography
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Blazars and SFGs are dominantin z > 0.1



c). Tomographic cross-correlation using local galaxy distribution

Advantages of tomography
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Astro. BG can be reduced in z < 0.1



c). Tomographic cross-correlation using local galaxy distribution

Theoretical calculation

01y = I, — (1)
0%y = Xg — (Xg)

C79(0) = (51,(R) 62, (R + 0))
1 1

V-ray flux galaxy distribution
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cross-power spectrum between
Y -ray sources and galaxies




c). Tomographic cross-correlation using local galaxy distribution
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c). Tomographic cross-correlation using local galaxy distribution
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c). Tomographic cross-correlation using local galaxy distribution
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c). Tomographic cross-correlation using local galaxy distribution
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c). Tomographic cross-correlation using local galaxy distribution

Galaxy catalogs

Ando 14
Catalog Redshift boundaries N, per bin
2MRS (0.003, 0.1) 43500
2MRS-N2 (0.003, 0.027, 0.1) 21750
2MRS-N3 (0.003, 0.021, 0.035, 0.1) 14500
2MXSC (0.003, 0.3) 770000
2MXSC-N2 (0.003, 0.083, 0.3) 385000
2MXSC-N3 (0.003, 0.066, 0.10, 0.3) 257000
2MXSC-N4 (0.003, 0.058, 0.083, 0.11, 0.3) 193000
2MXSC-N5  (0.003, 0.052, 0.073, 0.093, 0.12, 0.3) 154000
2MXSC-N10 (0.003, 0.039, 0.052, 0.063, 0.073, 77000

0.083, 0.093, 0.10, 0.12, 0.14, 0.3)




The reported anomalous cosmic rays:

® Positron
® Antiproton (over 100 GeV)
® Antiproton (~ 80 GeV DM mass)
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The reported anomalous cosmic rays:

® Positron
® Antiproton (over 100 GeV)
® Antiproton (~ 80 GeV DM mass)
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Decaying DM (for the anomalous e™)

Here we focus on three-body leptonic decay: DM — vi*iF

(a). yluie:':&yeieq: (malnly ei )

(b). v pT &vet T (Mainly 1)



Decaying DM (for the anomalous e™)

Ando, Kl 16

(a).

Y 2 29 S () SO 2V 29 S

- ——  DM-+Astro E - —— DM-+Astro
- DM only i} - DM only

1025 .::I L IIIIII| L L IIIIII| L L IIIIII| L L Ll 1 1 1] 1025 -:I: L IIIIII| L L IIIIII| L L IIIIII|

10! 102 103 104 10! 102 103 104



Decaying DM (for the anomalous e™)

Ando, Kl 16
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Including astrophysical sources give ~10 times
stronger constraints



Decaying DM (for the anomalous e™)
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Impacts of IC gamma rays
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Ando, K| 16
Impacts of IC gamma rays

(Results without astro. comp.)
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Ando, K| 16
Impacts of IC gamma rays

(Results without astro. comp.)
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Decaying DM (for the anomalous O(100) GeV p )
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Annihilating DM (for the anomalous O(100) GeV p)
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Annihilating DM (for the anomalous O(1) GeV p )
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Annihilating DM (for the anomalous O(1) GeV p )
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4. Ultra high energy cosmic rays and DM



Although we’ve shown the constraints on DM models,

Our goal is to find the DM!

For the goal, a naive step to take next would be to consider

® | ower DM mass

® Higher DM mass
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Although we’ve shown the constraints on DM models,

Our goal is to find the DM!

For the goal, a naive step to take next would be to consider

® | ower DM mass

*0 Higher DM mass

People are getting

Interested in heavier
DM

Cohen, Murase, Rodd, Safdi, Soreq '
Kalashev, Kuznetsov '
Kachelriess, Kalashev, Kuznetsov ’~

Dudas, Gherghetta, Kaneta, Mambrini, Olive ™
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Beyond High Energy Cosmic Rays
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5. Conclusions



We have studied DM using extragalactic gamma rays and local
galaxy distribution

® The preferred regions for the anomalous e™ flux are excluded
® |C-induced gamma rays are crucial for the exclusion

® The preferred regions for the anomalous O(100GeV) p are
excluded

® The 80 GeV annihilating DM motivated by the anomalous
O(1GeV) p is partly excluded

® More to work on



