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Lecture plan

e Part 1 ISM properties: CO, HI and “dark gas”
- Molecular clouds, atomic gas,
dust extinction/emission, excitation
of quantum levels, column density, distance

* Part 2 ISM vs. Gamma rays

- SNR RXJ1713, hadronic vs. leptonic
scenario for gamma-ray production, ISM
protons in hadronic scenario, MHD model
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ISM between stars

We have interstellar medium ISM among stars
ISM consists of gas and dust

Mgas/Mdust is 100, Dust grains include most of the heavy
elements, abundance ratio; H:He:CNO = 1:101:10*

Gas consists of neutral and ionized components

Here with an emphasis on neutral gas because neutral is
dominant, related to star formation and ultimately galactic

evolution, lonized gas is minor in mass and probes UV
radiation field, PDR

Neutral consists of molecular and atomic gas
— 1951 discovery of 21cm HI
— 1970 discovery of 2.6mm CO



Molecular vs. atomic

HI gas is less dense, average is 1 cm™ with a range of
0.01cm=3to 100 cm3, temperature average is 100K
with a range of 10—-10000 K

Molecular gas is dense, average is 1000 cm3, up to
107 cm3 or higher

Temperature is low, 10-20 K in the disk, can be
higher in high-mass star forming regions

but is higher in the Galactic center, 30—-300 K, due to
not-well known heating



Molecular clouds

GMC Dark cloud
size (pc) 20-80 620
molecular cloud com- | density (cm™3) 100-100 100-1000
plex mass (Mg) 8 x 1042 x10°  10%-10%
Temperature (K) 7-15 ~10
size (pc) 3-20 0.2-4
individual molecular | density (cm™3) 103-10* 102-104
cloud mass (Mg) 103-10° 5-500
Temperature (K) 15-40 8-15
size (pc) 0.5-3 0.1-0.4
density (cm™3) 10%-10° 104-10°
molecular cloud core mass (M) 10-103 0.3-10
Temperature (K) 30-100 ~10

Goldsmith 1987



Thermal equilibrium curve
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Interstellar molecular clouds and gamma-rays

Interstellar Medium ISM
 Molecular clouds: dense neutral gas H2
- density 1073 cm-3 or higher, Tk=10-20K
 Atomic clouds: dense atomic gas Hl
- density 1-100 cm-3, Ts=30-100K
Gamma-rays produced by
1) Hadronic scenario
- cosmic ray CR proton - ISM proton reaction,
neutral pions decay into gamma rays
2) Leptonic scenario
- CR electrons, Inverse Compton (IC) effect, CMB etc.

Gamma-rays (0.1GeV-100TeV) observed by HESS, MAGIC,
VERITAS, Fermi, AGILE[2005-] and CTA[2013-]



Hadronic Cosmic-ray Interactions

y (CVB)
¥ (Cosmic Microwave Background) L’. ...................
..... /Exg Y
e, Compton .o°
i\ % e'e” scattering o,

Shock Wave

p (Inter stellar medium)

Target ISM protons
No real test yet for the targets

By H. Tajima 2006



CO surveys : CfA + NANTEN

30— v 3().0 K km s

Planck Collaboration, arXiv:1101.2029



- GeV Gamma rays




ISM Heating processes

Based on the ionization of ISM components by an
energetic radiations. Then, CR protons interact with
the ISM and thermalize.

— Cosmic rays; heat gas to 10 K (Black 1987; Lequex 2002)

— Photoelectric effect on small dust grains and PAH
(Watson 1972; de Jong 1977; Draine 1978; Bakes & Tielens 1994)

— lonization of atoms and molecules (e.g., HCO*)
frozen-in condition is good approx. MHD

— X-ray

— Chemistry

— Mechanical heating



CR reactions in molecular clouds

Reaction Cross
section
Peg + Hy = pep HH, +e G, "
+ €.C.
pCR—I—H2—>H-I-H2 c,
+ diss ion
pCR+H2—>pCR+H+H + e G,
+ doub ion
pCR+H2—>pCR+2H + 2e c,
+ ion
ecg T H, = e, +H,"Fe O,
eCR _|_ H2 — eCR _|_ H _|_ H—i— _|_e GediSS ion
eg T H, = e, T 2H" + 2e G doubion
+ ion
peg THe = pp + He" ¢ c,
+ e.C.
‘pCR+He—>H+He G,
e.g T He > e, + He" +e Geion

Padovani+ 2009



ISM Cooling processes

Cooling by line radiation processes is dominant.
Proportional to n?.
* Atomic gas

— Forbidden lines. (< few 1000 K, e.g., ClI)
— Lyman a (> few 1000 K)

 Molecular gas
Cooling by the line radiation from molecules

— CO, H,0 and other molecules



1028

10-26

lergs 37" (H,)" 1)

A
ﬂ(“z)

10°2% | IONS HYDRIDES :
. -
-4
™ R
e K
- F
b
1030 1 -y | 1 1 TR
10' iO' 104 10. ”o

Y T T 1 v 1 v Ll
T, =40
TOTAL

co
~ (TOTAL)

MOLECULAR

OTHER MOLECULES |

—

C

4
R
-

4

n(My) (em=3)

Molecular cooling

* CO is the dominant cooling
line forlownand T

* H,O and other molecules are
dominant for n > 10® cm=3 and
T>200 K

Goldsmith & Langer 1978



Some chemistry

HI is converted into H, on grain surface because
gas phase reaction is very slow, exception the first
stars form without dust grains

H, is readily dissociated if Av is small,
ess than ~ 0.2 mag
out can survive if Av is more than 1 mag

Other molecules are often formed via ion neutral
reactions

At very high densities more than 10’cm
molecules freeze onto dust grain surface




Formation time scale of H,

dnz 1
E=§7<vl>ngn1<ag>

(Hollenbach & Salpeter 1970; Jura 1974)

y - sticking probability for incident H atoms.

<y,>: mean thermal velocity of H atoms.

<o,>: average grain cross section.

ny, ny, & n,: number density of HI, H, and grains, respectively

d 1 2 —3
tform —_— 1/ <n2n1> ~ 107 ( 0“cm ) [yr]

dt (5]



Timescales of molecular clouds™

Crossing timescale: 10°-107 yrs
Free fall timescale: 10° yrs
Cooling timescale: less than 10% yrs

H, formation timescale: 107 yrs

* density 103cm?3
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NN W A~ O O N O

Time scale summary

N I <, | "!‘. ' ] '
\(d)\\ . ~. H2 formation _
v freefall-<:
i Jir ation "~ Ve
I cooling -
—

-2 -1 0 1 2 3 4 5 6
log n [cm3]
Koyama & Inutsuka 2000



Excitation

Hydrogen molecules are not
observable in radio. Too high

energy levels. Only in absorption.

Carbon monoxide CO and others
can be observed rotational
energy levels, high excitation
vibration. cf. electronic, spin-spin
interaction

e Sub-mm transitions
generally higher excited states
ratio between J and J’ gives
density/tempearture.

100—

50—

—1000

— 500




Radiative transitions

2 0 2 ° 2 Q
W W | W
\ 4 ! 4 VVVV
1 ® 1 O 1 ®
(a) (b) (c)

The Einstein coefficients
* (a) Spontaneous emission: A4,,n,

* (b) Photo absorption: B, I n,
* (c) Stimulated emission: B, n,
2hv3 64mty3

Ag = Ba1 = ?

c? 3hc3 H (Electric dipole transition)

91812 = g2 B2



Collisional Excitation

2 Q
O—yjp >0 O\> . ——O
E ; E+hv v E-hv
1 o 1 O
De-excitation Excitation

e Ccoefficient: (C~N<ov>

(N: density, g: cross section, v: velocity)

AFE
Co = Cm;exp ( ka)




Detailed balancing

* Ex. Simple two level system rate equation
no| Az + Bo1l, + Ca1| = ny|Bial, + Cig)

e Collision dominated (5 > Ay + Bail,

7’2 012 @ ( E21>

_ oxi2 92 (_T2n
ny Co 01 P KTy

e Radiation dominated (51 < A+ Bol,

] Biol, g2 (_ Eoy )

= = Z=exp
(3] Ag1 + Bo 1, g1 kT a4

7ﬂrad < Tex S Tk



Critical density

neg g2 hv Cia
* When ]V_) 0 n glexp( kTex) - Ay +Cy
hv hv \ [ Ao !
:> eXp | — 77— | = exp “HT 0—214—1]
* Critical Density: Aa
Nerit —
< 0oV >
* n...<<n(H, : LTE
* n., ~ n(H,): excited but subthermal
* n.,>>n(H,) : unexcited



Critical density

molecule transition freq. [GHz] A [s7!]  ngyg [em ™
CO 1—0 115.27 7.2x 1078 2 x 103
CO 3—2 345.80 2.5 % 1076 3 x 10%
CO 7—6 806.65 3.4x107° 5 x 105
CS 1—0 48.99 1.7 %1076 5 x 104
CS 2 —1 97.98 1.7x 1075 3 x 10°
HCO™ 1—0 89.19 4.3 x107° 2 x 105




Rotational excitation of a diatomic-molecule

* Eigenvalue of energy (Quantum mechanics)

h? h?
E=7JU+1) = o5

* Rotational quantum number, J (J=0,1,2,3,...)
e AJ==+1

J(J+1)

h
Vjt1l—-J — QB(J—|- 1) (B:87r[)
e A coefficient
6474
Ay = %V?;H,J | HJ+1,J |2
J+1

2 __



Radiative transfer

% e
T T e

P ™
« /é 160 N I(0)

K&( Koo @ X=0
gc
— 0 )

..... Y P /I _
(_ @ |

dl, = —k,I,dx+ ¢, dx

(e,(x): Emission coefficient, « (x): Absorption coefficient)

I, = L(0)exp(—7,) + (1 —exp(—,))

H;l/
Optical depth: T, :/n,,da:



Absorption coefficients
hv

K, = 4—(312111 - B, ,n,)p(Vv') «— 8B, =8B,
hv (g, : 2hv’
E(g_l ny = n2) 21(:0(V ) D A21 = TBM

_ C anl 1 CXp(—h—V) QD('V’)
8mv'g, kT )|

¢(v): line profile function

([ ¢w)dv=1)

- When ¢(v) takes a Gaussian function.

24/In2 1 1
V,.)= Av :FWHM line width
(Vo) = g Av AV - )

U




Excitation temperature & Optical depth

e 13CO J=1-0 (LTE assumption)
— Radiation (Observed) Temperature, T,
(*Back ground of spectral line is removed)

R0 = [BulTen) ~ BulThg))(1 — exp(—7.)

Ty = Tolf (Tex) — f(Tg)l(1 — exp(—7))
To=hv/k; f(T)=(exp(To/T)—1)""
* Since 1,,c5(0ptical depth of 12CO J=1-0) > 1

7112 —1
Toe = T3 {m (1+ . o7 )}
1% 1000 + 15" f (Thg = 2.7 [K])

* Then, derive T3 (optical depth of 13CO J=1-0)




Column density

) )
_Cc g,

Y 8mvig, |

K AJ+1,JCP(V’)

J+1 1

8 3vu? |
= n_]
[V 27+1Av

3hc

* Partition function, Q

E . E kT
n, =ngexp(—szx) Q=J20gjexp(—kT:X)zhg‘ (hB << kT_,)
S Bu’ hv hBJ(J+1)\2J+3 J+1 1
K, = l-exp|-———|[|lexp| - n
3ckT,, kT, kT, 2J+12J+1Av
3 2
Tv:vadx=8n Bu l—exp—hv exp _hBJ(J+1))27+3 J+1 1 N
3ckT,, kT, kT, 2J+12J+1Av

T, T. Av

13 CO ex

1-exp([529/T ]

N(®CO)=2.42x 1014(

|



Physical parameters from CO emission

e Mass: Moo = umyg ) [D*QN(H,)]

u: mean molecular weight, my: H atom mass,
D: distance to object, Q2: solid angle, N(H,): H, column density

e 12CO
- Optically thick (t = 1)
- Can trace only envelopes.

- X-factor (empirical): N(Hy) = Xco X Weo
Weo: 12CO integrated intensity

0.7x10%° cm2 (K km s1) (Torii et al. 2011, the Galactic centre)
2.0x10%° cm2 (K km s1) (Bertsch et al. 1993, disk average)



Hl 21cm line

hyperfine levels of the
hydrogen 1s ground state ) 0

* Spin angular momentum
Upper: 172+ 1/2 =1 (1 = £1,0), g, =3
Lower: 1/2-1/2 =0, g, =1

AE =9.4x102°]J (T =AE/k = 0.068 K)
v =1420.405 MHz, A1 =21.106 cm
°A,, =2.85%101> 57! (Optically thin)



Derivation of physical parameters

* Rayleigh-Jeans approximation
o Czhg2 A21 (V’)/n dgg _ C2h92 A21 (l/@
Y 8mvgik T ’ T Srvglk T v

* Column density: N, :/nldx

e 7<< 1 case
T, =Ty(0)exp(—7,) + T(1 —exp(—7,)) ~ Tp(0)+ 7T

2
h ,
AT, = wagjkAlego(u ) (AT, =Ty — T3(0))
Z B c2hgs
/AdeV = E/Ade’U = 87Tl/gik‘A21N1
8mvlgk
Nl — 91 /Ade’U
c3hge A




Hl 21cm line

* |In the thermodynamic equilibrium

& = @exp(—ﬂ> ~ 92 _ 3
N, g1 kT g1

(Rayleigh-Jeans approx. )
NHI —_ N2 +N1 —_ 4N1

87T1/2g1k
c3hgoAai

NHI =4 X /AT[,d’U

1.82 % 1018/Adev (cm™?)




How to measure ISM protons (H,)

« 12CO emission and X-factor
N(H,) = X, x(CO integrated intensity)
X0 =2x10" cm™ (K km s™)™

« 13CO C'80Q vs. Extinction
N(PCO)ecm™)=(1-2)x10" A, (mag)

N(C"0O)(cm™)=(2-3)x10" A, (mag)

N(H,)/A,=9.4x10%° (cm™ mag™) gives

N(H,)=10°N("CO)=6x10° N(C"*O)



How to measure ISM protons (HI)

32avk v pl 32avik v
T K dxdv = T dv
3c’hA,, f JiTx. *hA, f ’

=1.823x10" x (HI integrated intensity in K km s

N(HI) =

3c

e Hl emission:

usual assumption is “optically thin”

o caveat: sometimes this assumption fails
e.g., dark gas, HISA (cold HI in self-absorption)



Dust optical/near IR extinction

Dobashi+ 2005, 2011



How to measure ISM protons

o N(HI+H,)/E(B-V) ratio derived from the observations
of the Copernicus satellite
(Bohlin+ 1978)

N(Hi+H,)
E(B-V)
« adopting R,=A, /E(B-V)=3.1 and assuming all
hydrogen in dense clouds is in the molecular form,
we have

=5.8x10*'cm’mag™

N g 45107 cm mag”’

v



Dust emission and CMB

- =

The Planck one-year all-sky suruey Eesa (¢ ESA, HET and LFT consortia, July 2010




ISM protons from dust emission

Sbeam
N(H,)= v
QbeamlumHKva (Tdust)
Sbeam
v flux density per beam
Qbeam Beam solid angle
u=2.8 Mean molecular weight

m, =1.67x107 g
K oy P

v

Bv (Tdust )

Mass of H atom
Mass absorption coefficient per gram

Planck function at the dust temperature

Td ust






Lecture plan

e Part 1 ISM properties: CO, HI and “dark gas”
- Molecular clouds, atomic gas,
dust extinction/emission, excitation
of quantum levels, column density, distance

* Part 2 ISM vs. Gamma-rays

- SNR RXJ1713, hadronic vs. leptonic
scenario for gamma-ray production, ISM
protons in hadronic scenario, MHD model
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CO surveys : CfA + NANTEN

30— v 3().0 K km s

Planck Collaboration, arXiv:1101.2029



NANTEN & NANTEN2




Dust optical/near IR extinction

Dobashi+ 2005, 2011
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Galactic Latitude
SIS

Galactic Plane Survey

¢12CO(J=1-0), Grid size ~ 4’ (|b]|<5°), 8" (5°<|b]|<10°)
1,100,000 observed points

eInteg. time (typ) ~5sec/point,

50 0

310
Galactic Longitude

260

EH : EXPLORING THE SOUTHERN SKY (1988)




HI LAB

The Leiden/Argentine/Bonn Galactic HI Survey

Kalberla+ 2005
Courtesy of Legacy Archive for Microwave Background Data Analysis



Dust emission and CMB

- =

The Planck one-year all-sky suruey Eesa (¢ ESA, HET and LFT consortia, July 2010




The origin of cosmic ray protons

Hadronic vs. leptonic (electron’s inverse Compton etc.)
Hadronic p + p = ¥ = 2y seems promising
energy spectrum by HESS, Fermi, AGILE

TeV y SNR RXJ1713.7-3946, brightest HESS source
If hadronic we need target ISM protons,

we need to know target protons

in order to estimate CR proton energy

Collaborators
HESS team: F. Aharonian, G. Rowell +

HI: N. McClure-Griffiths +
MHD: Inutsuka +



HESS TeV gamma-ray sources
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Supernova remnant (SNR) W28(G6.4-0.1)
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18h03m
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- |

Fig: VLA 90cm radio image from
Brogan et al.(2006 ).
Overlaid are solid green
contours of TeV gamma-ray
/. significance levels of 4 ,5 and
Vi 28A2 6 o.
' White stars indicate HII region.
RA J2000.0 (hrs)

18h Aharonian et al. (2008)



TeV y vs. CO(J=1-0)
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Left: NANTEN 12CO(1-0) image (beam size : 2.7’) of the W 28 region for VLSR=0 to 10 km/s with

VHE vy ray significance contours overlaid (green) -levels 4,5,60. The radio boundary of
W 28, the 68% and 95% location contours of GRO J1801—2320 and the location of the Hil

region W 28A2 (white stars) are indicated.

Right: NANTEN 12CO(1-0) image for VLSR=10 to 20 km/s.

(Aharonian et al. 2007)




GalactliCc Lattude (vegree)

RXJ1713.7-3946: 12CO(J=1-0) with X-ray
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346.5

molecular hole
surrounding boundary of
the SNR

CO peaks<X-ray peaks

show good spatial

correlation

(northwestern bright rim)
|
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interaction of the SNR

with molecular clouds.

SNR at 1kpc, 1600yrs

Fukui et al. 2003



Face-On Map of our Galaxy
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SNR G347.3-0.5 (RXJ1713.7-3946)

-Shell-like structure: similar with X-rays
- No significant variation of spectrum index

across the regions
-spatial correlation with surrounding molecular

gas

Aharonian et al. 2005
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Dark HI SE Cloud (Self-Absorption)

[31] amyeradwa |, ssomy3ug 14

=
Q o =
— o0 <t o
! I
~ [
N {
& ¢
o >
T 1-
) 4 ]
N L
o~ T
S
on N
Ll SN -
[ <
~ 4
<
~ — N
N o -
— ¢
L3
) N’ w.v
— (@) 5
e O K
I O et & s s -
St po
~ It
=/ N e
0] Seel
- T T ea
Q -~
D X
— o, 1,1. —
» p
a8 J
k4
~ g
2 C
SN’ 1
O <t (@) S
[31] amyeradwa |, ssomysug 0D
[sjunoo payjoows] Aer-A A9,
o o0 ) ™ =
v} ) al e <
O <t [sa} — (=

[92139p] apminjeT onoeen

ATCA&Parkes

H.E.S.S.

-1.1

0 10 20

-10
Visr [km s']

-20

-30

-40

347.3

3474

347.5

347.6
Galactic Longitude [degree]

347.7

347.8



Galactic Latitude [degree]

1
[t
(el

ISM Proton Column Density Distributions

Np(H>2) Np(Hi)

S
=

7.00

1
&
W

Galactic Latitude [degree]

ey
W
o

Proton Column Density [x10%'¢cm™]

—
o

= 0.00
347.5 347.0 347.5 347.0

Galactic Longitude [degree] Galactic Longitude [degree]

(oS
W
S
Proton Column Density [*1

0.00



Galactic Latitude [degree]

1
e
(=]

No(

ISM Proton Column Density Distributions

+HI) TeV y-ray

Galactic Latitude [degree]

g
W
o

0.00
347.5 347.0 347.5 347.0

Galactic Longitude [degree] Galactic Longitude [degree]

51.0

(S
!Jl
W

0.00

TeV y-ray [smoothed counts]



Galactic Latitude [degree]

Annular Distribution of
Proton Column Density & TeV y-ray

20 0 T —
- -@ TeV y-ray (b)]
100 :

L = No(H2)

[ & Np(H) #v 1

[ A~ Np(Ha+Hi)

1
—
N

NS

o
wn
Proton Column Density [x10%!cm™]

oo
()

T
b
E*>—+—
ey
o
%}EH_O\ e

—
—
o

Proton Column Density [x10%'cm™]

i -~ 4
55 ol - el :
1) -
L -H- 12
ATCA&Parkes ~ NANTEN HESS. — —10
I 0.0 Ok vy Ly L Loy ]
347.5 347.0 -180 -90 0 90 inner reg.

Galactic Longitude [degree] Azimuth Angle [deg.]

o



TeV y-ray [smoothed counts]

Proton Column Density [ 10*'cm™]

TeV y-ray [smoothed counts]

] ' ' '\ ,'

TeV y-ray

(=3
(=}

80 F :
: Averaged \"a]l.le.
60 F '
ok s

20F

15

208

[ Averaged value

10}

ﬂ } t t } } t } 11
80  Averaged value of Np(H2+HiI) 1

11

6or 18

L 16
40 | 1

A 14
Averaged value ]

20F of Np(H2) ] )
Averaged value g

0 _ of TeVy-ray ] 0

00 0.1 02 03 04 05 0.
Radius [degree]

6 0.7 08

Proton Column Density [x10*'cm™]

Radial Profile Plot of
TeV y-ray & ISM Protons



Hl becomes dark at higher density
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How to measure ISM protons (HI)

N(HI) = ;;’;Vk ff Tk, dxdv—32m/ kf T,dv

=1.823x10" x (HI integrated intensity in K km s™)

o Hl emission usual assumption is
optically thinness

o caveat: sometimes this assumption fails
e.g., dark gas, HISA (cold HI in self absorption)

2= [ Kl = 3c’hA, N(H) 1 [TsrlN(HI)" AV r
32av’kT. AV 1.823x10"|K] [ cm™ Jlkm s
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RXJ1713.7-3946: 12CO(J=1-0) with X-ray
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Fukui et al. 2003



TeV y ray SNR RXJ1713.7-3946
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Tanaka et al. 2008
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Shock propagation into dense gas

Galactic Latitude [degree]

V

n : density of clump
n,: ambient density (=1 cm3)
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’ diffuse intercloud n~1 cm?

wind bubble
n~0.01 cm? ‘

~~

Inoue et al. 2011
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FIG. 2.— Number density volume rendering of the resulting cloudy
medium as a consequence of the thermal instability after 3.0 Myr of evo-
lution (a few cooling times). The mumber density map in the y = 0.0 pc plane

is overplotted. Regions in green and blue indicate the density n ~ 10 cm™
and n > 30 cm™3, respectively, and the region in red shows the diffuse in-

tercloud gas with n < 1 cm™. Magnetic field lines are represented as gray
lines.
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FIG. 3.— Result of the perpendicular shock case at ¢ = 750 yr after the shock injection. Panel (a): number density volume rendering. Regions in green and
blue indicate the density n ~ 10 cm™ and n > 30 cm™3, respectively, and the regions in warm colors show the shocked diffuse gas with n < 4 cm™. Magnetic
field lines are represented as gray lines. Panel (b): two-dimensional number density slice at z = 0.0 pc. Panel (c): slice of number density at x = 1.5 pc. Panel (d):
volume rendering of magnetic field strength. Regions in blue, green and red indicate the regions with B < 100 uG, B 2 100 uG, and B 2 500 uG, respectively.
Panel (e): slice of magnetic field strength at z = 0.0 pc. Panel (f): slice of magnetic field strength at x = 1.5 pc.



Ellison et al. 2010 paper

* Uniform model, to account for gamma rays
we need high proton density like 100 cm-3

* Then we have too strong thermal X rays,
contradicting no thermal X rays (Suzaku)

* This is not a problem if the ISM is highly clumpy;
cavity (0.1 cm™) and dense clumps (1000 cm™3)



SNR RXJ1713 summary

Gamma-rays correlate well with ISM H nuclei, CO+HlI, allowing
detailed identification of target protons in a density range from
100 to 103 cm3.

The gas is highly clumpy. Wp ~ 10%erg for average ISM density
100cm3- [Sano et al. 2010; Fukui et al. 2011]

ISM protons estimated by careful analysis of dense atomic and
molecular gas, Hl (self-absorption) and CO. [Fukui et al. 2011]
Such gas can account for dark gas.

No thermal X rays are emitted because of low density gas in the
evacuated cavity. Gamma-rays become hard, due to energy-
dependent interaction with dense gas. [Zirakashivili and
Aharonian 2010; Inoue, Yamazaki, Inutsuka, Fukui 2011; cf Abdo
et al. 2011]



“Dark gas”

* Dark gas: not detected either in CO or HI
deteted in y rays and dust emission/absorption
typical column density 10%°-10%1 cm
density 10%2-103 cm
* Either cool dense atomic or less dense molecular gas

* H, formation time is long, 107 yrs , and low density
gas may not yet be converted into molecular gas

ref. Grenier et al. 2005, Wolfire et al. 2010, Burgh et al. 2010,
Glover et al. 2010, Planck collaboration 2011



Fig. 4. Map, in Galactic coordinates centered on | = 70°, of the column densities of dark gas found in the
dust halos, as measured from their y-ray intensity with the reddening map.
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Molecular clouds and gamma-rays

Interstellar Medium ISM
 Molecular clouds: dense neutral gas H2
- density 1073 cm-3 or higher, Tk=10-20K
 Atomic clouds: dense atomic gas Hl
- density 1-100 cm-3, Ts=30-100K
Gamma-rays produced by
1) Hadronic scenario
- cosmic ray proton - ISM proton reaction,
neutral pions decay into gamma rays
2) Leptonic scenario
- Inverse Compton (IC) effect, CMB etc.

Gamma-rays (0.1GeV-100TeV) observed by HESS,
MAGIC, VERITAS, Fermi, AGILE[2005-] and CTA[2013-]



