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« “Warm” ionized medium (T~104 K)

- KE=Z2EY OHIEE+LEH - - E#ft /7 X (scale height~1 kpc).
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* “Hot” ionized medium (T=10°-10° K)
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s=eni. SNRs seen by Fermi-LAT

 In 2FGL, 10 sources are now identified as, or associated with,
SNR (# of possible association ~60)

« Hadronic scenario is usually favored to explain SED

Tycho SNR Cygnus Loop RX J1713.7-3946

T. Mizuno et al. 19/43
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j-?m Pion-Decay Signature in LowE Spectrum

» Spectrum below 200 MeV clearly deviates from
bremsstrahlung and agrees well with a hadronic scenario

- IC 443 - w44
I D-‘ID E_ E I 0_1{] E_
R o
5 | 5 [
g 10—11 E_ E 10—‘11 :_
S $ !
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108 10° 10" 10" 10" 10° 10° 10" 10™ 10"
Energy (eV) Energy (eV)
| Ic443 w4
W,y 1x10% erg 5x10%1 erg
Wcr  4x10% (n/20cm-3)-lerg 4x104° (n/100cm-3)-lerg
Convincing evidence of proton acceleration at SNR,
- ~ 50 i
E s\ =W R 10 erg Ackermann+13, Science 339, 807
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j-?mf;;m Pion-Decay Signature in LowE Spectrum

» Spectrum below 200 MeV clearly deviates from
bremsstrahlung and agrees well with a hadronic scenario

i IC 443 B w44
10_1{' E 10—10 =
< b 2k
s | s |
()]
o 10" E 101 =
(18] F L =
z C = N
% B = L
o = EESt it D " n power law ,:;D - Best-fit broken power law
w ey § (Accia 2009) w e FermilAT
1012 kﬂéﬁEC (TF\ rl 1 | 2003[} 1012 * AGILE (Glullanl etal 2011)
= A decay = -dec
- Bremsstrahlung - = + Bremss tr hlung
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W,y 1x10% erg 5x10%1 erg
Wcr  4x10% (n/20cm-3)-lerg 4x104° (n/100cm-3)-'erg

Then, what about CR distribution (and propagation)?
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<o Modeling of y-ray Data
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* Under the assumption of a uniform CR density, y rays can be
represented by a linear combination of template maps

Fermi-LAT data

molecular gas

.. atomic gas — )
(2.6 mm)

T (21 em)

=7
dark neutral
gas

interstellar radiation

: + Isotropic + point sources

(H; is usually obtained assuming a uniform T)
T.Mizunoetal. (Weo is not a all-sky map, may miss some fraction of H,)
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sze Measurement of local ¢k (1)

o5

High lat. H, cloud in 3 quadrant
« small contamination of IC,
molecular and dark gas
* correlate y-ray intensity with N(H,)

—_ 7_' R L L e L

3 6 400-565 MeV ‘ =

| 3 " E - Linear relation between

g o e e E N(I_-I,) and |, indicartes_

Z o Lt - uniform CR density in ROI

E oF _“..»"“* 3

@ T e ]

g F (T,=125 K assumed) -

s =

B e TR B T T T s Abdo+09, ApJ 703, 1249
HI column density (10 cmr2) (CA: TM)
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sz Measurement of local Icg (2)

o5

High lat. H, cloud in 3 quadrant
« small contamination of IC,
molecular and dark gas
* correlate y-ray intensity with N(H,)

-

=
Ry
)

—e— LAT data
— model from the LIS

* Local CR spectra ~ those
directly measured at the Earth
(Uucr™~1 eVicm3)

nucleon-nucleon

electron-

bremsstrahlung
1025 . L] Ade"'Og, APJ 703, 1249

10° Ener;: :;Me\f} 10f (CA : TM)

E? x Emissivity (MeV? s-1sr-1MeV')
o
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1000

* On average, local CR
spectra ~ those
measured at the Earth
(ucr~1 eVicm3)

/~
= [
-emi All-SKky Average local |,
/Spa(eTelesiope
N, (L b, E’Y) — qu(Ey)Wco(l._b) — Nic(L b, E’Y) — Z Nj(].b._E,y) = qui(E,)Nu1(l.b)
jsources
1 1000 1
~ 102 — 4— LAT Hi aminsivity
3 = preliminary = s
»
> 102
2
2 = .
5 26 e s
A *+-.. alpha+ISM
; : ..
10?5 i sl L L y a1 sl " R R W |

S -
Casandjian 12 S

T. Mizuno et al. Casandjian+ in prep.
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No single model to reproduce the all-sky -~/ "=
data best, but overall agreement is good . |
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CR Luminosity Inferred from a Model

P.r=(6-8)x10% erg/s and Ly=(7-10)x1038 erg/s
are inferred by (particular) set of models

Component

Diffusive Reacceleration

Model 1 Model 2 Model 3

L_Cosmic ravs (0.1-100 GeV): 805 790 098
Protons 737 724 633
Helium 56 55 48
Leptons 12.2 14.5 16.9
Primary e~ 8.8 11.1 13.4
Secondary ¢ 0.78 0.77 0.83
Secondary e¢* 2.6 2.6 2.7
y-rays (0.01-100 MeV): 2.32 3.34 6.22
7-decay 0.24 0.23 0.23
Inverse Compton 1.80 2.81 5.63
Primary e 1.31 2.20 4.41
Secondary ¢* 0.49 0.61 1.22
Bremsstrahlung 0.27 0.30 0.36
Primary e~ 0.11 0.15 0.19
Secondary ¢+ 0.16 0.15 0.17
Lravs (01100 GeV): 8.86 9.12 103
7-decay 6.75 6.46 6.59
Inverse Compton 1.25 1.76 2.59
Primary e~ 1.15 1.66 2.43
Secondary et 0.10 0.10 0.16
Bremsstrahlung 0.87 0.88 1.08
Primary e~ 0.51 0.58 0.74
Secondary ¢ 0.36 0.30 0.34

T. Mizuno et al.

Luminosity of MW, zh=4kpc
_galde ID 54_z04LMS (ModeIZ)

- 10* = -
T F ;
2 | CRIp
"“'E i I ]
g E lI II- }II | X = CR a
E T R I8
i 10 = [ ,
E [ Radio -ray/
8 i y y | C,IR e+
0% f/ ™~ A
-/ I \
[/ | .' \
|'I| IR N RN RR I NS N I 1 R B
-15 -10 -5 0 5

log (Energy, MeV)

Models by numerical calculation,
Strong+10 (ApJ 722, L58)30 /43
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'
- Dark Neutral Gas

amma-ray
/ Space Telescope
\

* Grenier+05 claimed there exist considerable amount of gas not
properly traced by radio surveys (H, by 21 cm, H, by 2.6 mm CO)
surrounding nearby CO clouds

— cold H,? CO-dark H,?

Grenier+05,
Science 307, 1292

+90

250 wedoy, i -110 250

90 center@/=70deg =

log(E(B-V)) (mag.) log(NH,_,) (atom cm™)

—;—'77 A | ] -_ i -
1 - L

-
E(B-V)oess (esidul gos nferred by sy "Dark-gas” inferred by y-rays
and W, (CGRO EGRET)
Confirmation and detailed study by current telescopes are important
32/43
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/mn Dark Gas Seen in GeV y-rays (1)

* ISM has been mapped by radio surveys (H, by 21 cm,
H, by 2.6 mm CO)

 Fermi revealed a component of ISM not measurable by
those standard tracers

Chamaeleon Molecular Cloud
y-rays w/ CO contour Residual y-rays when fitted by N(H)+W,,

Galactic Latitude (deg)

- - ¥ Hisd ARy T - 1 . .
320 315 310 305 300 295 290 285 280
Galactic Longitude (deg)

Ackermann+12, ApJ 755, 22
(CA: Hayashi, TM)
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szen Dark Gas Seen in GeV y-rays (2

Telescope

* ISM has been mapped by radio surveys (H, by 21 cm,

H, by 2.6 mm CO)

 Fermi revealed a component of ISM not measurable by
those standard tracers, confirming an earlier claim based on

EGRET study (Grenier+05)

Residual gas inferred by dust

12

-mf
-1sf
-1sf
-2nf

22 F

Galactic Latitude (deg)

24|
26

28 [

230 L E I A |g | ’ |
320 315 310 305 300 205 290 285 280
Galactic Longitude (deg)

Ackermann+12, ApJ 755, 22
(CA: Hayashi, TM)

T. Mizuno et al.

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Residual y-rays when fitted by N(HI)+ Weo

Galactic Latitude (deg)

- - At 1% il 1 L :
320 315 H D 305 300 290 285 280
Galactic Longitude (deg)

("dark-gas™ no longer dark in y-rays)
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== Amount of Dark Gas
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Residual y-rays when fitted by N(HI)+ Weo
* Fermirevealed a component 12 pr @

of ISM not measurable by 44! P 'F.i
/ N .*- \b .

those standard tracers : g. o X
« Amount of “dark gas” is

[--]

=1
i

\*

f —0

!\JI\)P\J—L

Galactlc Latitude (deg}

[ " J >
S
comparable to or greater than 5 ftl , *.‘- A n~ I
gas mass traced by W, i:) i ‘7 ‘ ‘\- : '~,"_' 2
-32?0 rH15 310 Ga?g;j“c oar?g'sf:i: (%iseg} 290 285 280 =
(Bo"'h MCO and MDG < ICR < N(HI))

Molecular cloud Gas mass traced by CO _
(Msolar)

Chamaeleon ~5x103 ~2.0x104
Cepheus & Polaris ~3.3x10% ~1.3x10%

See also Abdo+10 (ApJ 710, 133), Ackermann+11 (ApJ 726, 81)
T Mizuno ot 218Nd Ackermann+12 (ApJ 756, 4) 35 /43
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=-n CR Propagation: The Outer Galaxy

Gamma—ray

/ Space Telescope
\

* No distance ambiguity in velocity separation of gas
in outer Galaxy

T. Mizuno et al. 36/43
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Ve
<=-mi CR Propagation: The Outer Galaxy

* No distance ambiguity in velocity separation of gas
in outer Galaxy

— suitable to investigate CRs associated with arms
and interarm ions

NASA/JPL-Cal

T. Mizuno et al. 37/43
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«oni Data Analysis

"Standard” approach:
* linear combination of ISM maps
- no a-priori assumption of CR spectra

\ Galactic Latitude (deg)

.15 NN PN
250 245 240 235 230 225 220 215 210

Galactic Loriiluda (deg)
* N(HI),, i o N(HI),, | - N(HI),; ¢ . N(HI), ,
] 5
Qur, 1x5 "* ; " *Qur, zxs L *Qur, 3>¢ . e ISR 4X
Locql """"" m'ter'arl Per'seus ar'm Ou'rer' arm
. 4 Weo 2 o Weo 3
L .
*Gco,2X ; o *4co,3>§ - -

+IC+Iso+PS Gur; % Iop
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<=ami Uncertainty of I, due to H, Optical Depth

amma-ray

G
/ Space Telescope
\

* y-ray emissivity (or I.g) was measured with high
precision. But it depends on H, optical depth
assumption

— uncertainty by a factor of ~1.5. also affects M, Mp¢

— cross correlation among y-rays, radio, IR and optical is crucial
(e.g., Planck collaboration 14, I3=ukul|+1 §) )
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 CR densities greater than

expected in outer Galaxy

— larger propagation halo, more CR
sources, non-uniform diffusion,

etc.

>0 — z=1| kpc
. z=2 kpc
% 25 U—==kecl] usually assumed
- — z=10 kpc
Abdo+10, ApJ 710, 133
i Ackermann+11, ApJ 726, 81
o Ackermann+12, A&A 538, A71

0 3 4 6 8 10 12 14 16
Galactocentric radius (kpc)
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<=ami Constraining CR Halo
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* Intermediate-velocity cloud (IVC) and high-velocity
cloud (HVC) allow us to directly measure CR
density as a function of distance from the Galactic

plane
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T
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<1.9
B . 6
‘| IV Spur
\ 43%3 _
1 9]
N \ / a £
Umper IV Arch ,' N
N |l<46 “ "
Low-Latitude IV Arc?}\ 245) 5
° h' 2
\
Solar W &
Mo Neighborhood &G 0
. 15 T4 =019
Tibaldo+15, ApJ 807, 161 -
d 12 -2
%cy 10 3 2
9 5 4
8 g7 6 kpC)
y (kp

T. Mizuno et al. 41/43



/D

@5 ermi

2015-07_Fermi_CR_ISM.ppt

Comparison to Propagation Models

« Comparison to galprop diffusion models favors smaller z

though limitation exists (e.g., boundary condition)

(A)

l.2—| | A

emissivity (scaling w.r.t. local)

Tibaldo+15,
ApJ 807, 161

T. Mizuno et al.

| =150°,b =35° [

emissivity (scaling w.r.t. local)

emissivity (scaling w.r.t. local)
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Lot HUTRIZLBDFEE EMHADEE
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vy-rays « CRs x ISM (or ISRF)

P Cosmi

\i:?—" 11'0 decay
e Interstellar /‘% . \
f‘l _

*——_Medium
Bremsstrahlung ‘
€ e

[ ] \
Inverse

| Compton (IC)
|nterstellar* € « known ISM distribution => CRs

Radiation  those “measured” CRs => ISM
Field (ISRF)

A powerful probe to study CRs (and ISM) in distant locations

.'\’

Fermi-LAT (2008-)
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aaaaaaa

 Fukui+12 claimed there exist considerable amount of
“dark H,” in RX J1713.7-3946 by comparing H,, CO and

Corrected N,(H;)

Np(H1)

14.0

b ' ! e
®) (I. b) = (347.55.-0.92) 1
B : ‘ 120

Expected Profile ]

Galactic Latitude [degr:
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Galactic Latitude [deg
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CO Brightness Temperature [K]
Hi Brightness Temperature [K]

2 [AT 40
120 Py 12CO(J=1-0)
1 1 .
_ _ = %
3 765 £
g 2 L 0 = 0
3 2 E I §
£ £ o e U U 4 e
3 3 3 40 30 220 -10 0 10 20
£ g g Visk [km s
2 2 .
&) S e
2

0.0
347.5 347.0

salactic Longitude [deg

TeV y-ray (H.E.S.S.)
T. Mizuno et al. 53/43




~ 2015-07_Fermi_CR_ISM.ppt
«sami EXtragalactic Gamma-ray Background (EGB)

Gammarray

Space Telescope
/ p p

(taken from M. Ackermann’s talk)

Galactic diffuse emission

o P s (CR interactions with the interstellar medium)
{ Inverse Compton n°-decay

N) sky, E>1GeV, 4 years

Resolved point
sources Residual charged cosmic rays

Protons, nuclei, electrons +
positrons, misclassified as
gamma-rays by event
selection filters

Y-rays from the Earth limb
Y-rays << | GeV with poor

Isotropic extragalactic directional reconstruction
diffuse emission

1. IWII&UIIV ©L Al.
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<=ami Uncertainty of IC inferred from EGB study

o S T
(taken from M. Ackermann’s talk)
+ Study of extragalactic y-ray background (EGB) shows

not only gas component (CR-p) but also IC (CR-e) is
not fully understood yet

% C —e— LAT data (P7REP_IGRB_LO) Interstellar gas
2 C
- B Sum of modeled components
2 R RERaRE
» B _0-._0_'—0—
S 00k s - T
LIJ : g R ‘.‘1-.1’*';‘2 =i j ot
E " ‘ " - -—o—-_o_
pd _y Ve
T v
10 =
CR injection/propagation i - H+H, templatelk 15)
Scenario as in ACkermann+12 77777 || Inverse Compton
(not a canonical or preferred - = ===~ Inverse Compton (templatdx 2.4
- 1 1 1 L1 11 II 1 L 1 11 III 1 1 1
model 6=
) 10° 10*
Ackermann+14, accepted Energy [MeV]
CA: Ackermann, Bechtol
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 Model B: an additional population of electron-only
sources located near the Galactic center (just as
an example to better represent measured IC)

3-0.35_
@, - Pulsar distribution
%" 0.3 O CR e'/e” sources in model B
§ : ----------- CR p/e sources in model C
R T L W—— SNR distribution
S B
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* Fermi =LAT + GBM

« LAT = GeV Gamma-ray Space Telescope (20 MeV

~>300 GeV; All-Sky Survey )
(6C-emphasized observation started in 2013 Dec.)

Fermi two-year all-sky map

Cape Canaveral, 1873 sources

Florida Nolan+ 2012, ApJS 199, 31
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--.n Processes to Produce y-rays (2)

/ Space Telescope
\l

v-rays = CRs x ISM (or ISRF)

v-ray data and model
(mid-lat. region)

Ef 1, (E,) (MeV em?s! o)

Abdo+09, PRL 103, 251101
(CA: Porter, Strong, Johanneson)
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(isotropic)

A powerful probe to study CRs and ISM

Pro: optically-thin, "direct” tracer of all gas phases

Con: low-statistics, contamination (isotro

T. Mizuno et al.
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sz Compilation of local I¢cg

o5

+ “local” CR densities among regions agree by a factor
of 1.5, within systematic uncertainty (mostly due to
the assumption of T)

black points: statistical+systematic uncertainties
color points: statistical uncertainties only

g *ﬁvi
+1t ﬂfﬂ
T~ All-sky average

=

o
)
=
T

F? emissivity (MeV? photons s™! sr! Hatom™ MeV!)

u +s+ |
individual cloud
H\- 4 Casandjian (2013), PRELIMINARY | ¢ ¢ Cygnus |
4 4 mid-latitude third quadrant 4 4 R Coronae Australis
4- 4 second quadrant © © Cepheus
1072°} 4 4 third quadrant 4 4 Orion
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E (MeV)

T. Mizuno et al. 59/43



2015-07_Fermi_CR_ISM.ppt

Lm: The Cygnus Region (MILAGRO)

Gmma y

/’ Spiice

* Very rich region of massive-star formation at 1.4 kpc

 Two sources + diffuse emission at TeV (MILAGRO)

— correlation with matter density
— diffuse flux exceeds the prediction by local CR (solid line)
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* Very rich region of massive-star formation at 1.4 kpc
 Detailed study by Fermi-LAT

— with known sources and diffuse gammas subtracted,
extended hard (>10 GeV) excess revealed in OB2 association

point sources, y Cygni 10 » -
and diffuse emission = MGRO J L31+41 10
removed |- E =

—_ 4_..
‘ X /R
- = = ]
T 0 =
Iy u v B &
1 : 82 ’
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Ackermann+11, Science 334, 1103
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et y-ray Excess in the Cygnus Region

« v-ray excess fills the cavities carved by stellar
winds and ionization fronts

— likely interstellar origin rather than multiple sources
0.09 0.16 0.25 O.|36 -6 -5:5 5 -4.€
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Tt Spectra of CRs in Cygnus Cocoon

 CRs with local spectrum are too weak or too soft
* Hard, freshly accelerated CRs are required

— Hadronic
an X (1.5 — 2) E_\"
dE ' 10 GeV
loc ] -3.5 - LAT
— Leptonic -l
o T

. Hyx MILAGRO
R ‘LOCCI' CR

|
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Evidence for

log(E? diff. flux) (MeVZcm™2s™ ' MeV™")

**'Local- CR
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from star-forming regions o
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Ackermann+11, Science 334, 1103
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<=ami Uncertainty of Physics Process Model
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* Uncertainty of the Physics Model affects the
y-ray emissivity, or |.g, at 10-20% level

L
Shock-acceleratién spectrum, s = 2.75
‘_||U)
>
S 107
~ Dermerl12, PRL 109, 091101
s .
vy
2 Abdo et al. (2009)
£ Dermer (1986), k = 1.45
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- Kamae et al. (2006), k= 1.84
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« Large scatter of dust-W,, relation has been recognized recently.
Whether this is due to (1) optically-thick H,, or (2) non-uniform dust
property, is under debate. (e.g., Fukui+14, Planck Collaboration

2013)
« Correlation with y-ray is |mportant to settle the |ssue
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