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< A— The Big Picture

Lamma-ray

SNR~ RX J1713-3946] .,
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A SNRs as CR sources

G-Ell-_ ma-ray

/ Space Telescope

* Energetics fit
— ESN X RSN X SSN = PCR

- 10°1 x 102 x 0.1 = 1041
* Theory predicts that particles in the ISM are accelerated to
high energies in the SNR shock
— Both electrons and protons should be accelerated
* Observations show evidence of shock accelerated particles to
high energies

— Until recently, no clear evidence of proton acceleration in

SNRs, observations could always be interpreted using only
electrons

G. Johannesson Interstellar Emission 3



o A——— Emission processes
STt
P R
Y _
e gas nucleon-nucleon ° Interactions betv_veen
‘— collision accelerated particles and
T, the surrounding medium

create gamma-ray emission
Bremsstrahlung in three ways

e
— Signature of mr’-decay is
e .
< the smoking gun for
S X accelerations of protons
radiation e
fields * Inverse

Compton (IC)

G. Johannesson Interstellar Emission 4
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o m’-decay bump
/ SomTore
Dermer 1986, A&A, 157

¥

* In the rest frame of the pion, the
two gamma-rays created each
have an energy of 67.5 MeV

* Conversion to lab frame with a
proton power-law spectrum
smears out the line but keeps
symmetry in dN/dE in a
logarithmic plot

* Multiplying with E? breaks the
symmetry and creates a bump

P (T lirtbem®sec-Gevt] or Fle-) [phatonslem’-sec-Gav]
-l ‘-_I'- : -
e

e 1H 3 -1 |-I:|:' “:I.IEI' s m1|:|-'
TelGeW) or i (GaV)

Fig. 7. The secoadary #° and y-ray emissivitis from the imerecton of the looal
demscsdulaied cosmic ray prodon spectre wilh unit déinsily of siomic hydrogen
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-~ SNRs in the gamma-ray sky

Lamma-ray

" Space Telescope
Credit: L. Tibaldo
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o A——— Pion bump in IC 443 and W44

‘:I-EIIT‘:I'I'IE-'H}'

/ Spﬁ( e | elescope

* Turnover at low energies clearly favors a hadronic model over
a leptonic one

— Even an abrupt cut of the electron spectrum at 300 MeV is
not enough to explain the data with bremsstrahlung

— Electron to proton ratio about 0.01

A B
i IC 443 i w44
1071% L o 2 10718 =
‘n = "o =
) = i o L
& ; £
[&] B o B
2 =
__9,10'”:— &),10'”-_-_
LLl = LU =
= N £ B
= B = L
© - ,
“ﬁu | — g%?rﬁlltl. E_ern power law (ﬁ.l N e Best-fit broken power law e
VERITAS (3 ®  Fermi-LAT \
1o S MAGIC (28" 10712 %  AGILE (19) Ly
E * AGILE (37) L = #’-decay C
- e ﬁt:'édrﬁgg’rrahlung [N E e Bremsstrahlung \\ )
= —— - — Bremsstrahlung with Break . E: Bremsstrahlung with Break s
I L1 111l 1 L1 1iill 1 Ll L1i1} 1 L IIlI]tJ L I JIIIJlT‘ J 1 i JJ]JJ]I i i IlIIIJI i i IlIIlII I I IIIIlJ.l I | i lIlIlll I
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Energy (6V)  Ackermann et al. 2013, Science, 339, 807 E"eroy (6V)
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* Smoothly broken power-law in

momentum

N,

dp

* Low energy index compatible
with shock acceleration

— 2.36 for both
SNRs

* High energy
break likely due
to inefficiency
in confining
high energy
CRs

G. Johannesson

Gamma-ray flux E2 dN/dE (erg cm?2 s1)

Spectrum of freshly accelerated CRs
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§ Gamma-*ay
SparE Telescope

Emission region

Molecular Cloud

synchrotron radio

* Bulk of the emission
likely from regions
wo-d .
o Anlii where the SNR shell

interacts with an

Radiatively-compressed external cloud.
filament of CRs & B-field _ Escaping CRs are

expected to have a

harder spectrum
y-rays

Supernova
Remnant

G. Johannesson Interstellar Emission 10



* Most supernova
expected to occur in
star-forming regions

* Isotopic abundance of
CRs indicate WR star
origin

* Shocks in stellar winds

are possible sources of
CRs

Ratio Relative to Solar System Abundances

>

=
[ =]

G. Johannesson Interstellar Emission 11
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@ ermi Gamma-ray excess in the Cygnus region

‘:I-Ell-_ ma-ray

’ Space Telescope

* Gamma-ray excess (left) associated with photo dissociation
regions from 8 micron map from MSX (right)

Gal. latitude (deg)

10 Wm=—= sr™’
contour of the
8 micron map

0.09 0.16 0.25 036

10-100 GeV
0°.25 smoothing " .
) =
82 81 80 79 78 77 82 81 80 79 78 77
Gal. longitude (deg) Gal. longitude (deg)

Ackermann et al 2011, Science, 334, 1103

G. Johannesson Interstellar Emission 12
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* Spectrum of excess harder

than expected from large =
. - T LAT
scale CRs after propagation e s T+—|—++_,_+
— Hadronic CO Vi ™
oF S % Milagro’
03 IE \\
dN E 5 _ \
dE % {L5—2) (10 GeV) 3 "V oal . ionized gas
e T *s. _*local CRs
— Leptonic Z o5l _ "1
0.5 “; 7h oo .
ﬂ><60( = ) ] e WLy
dE 10 GeV 75 iy N
% 9 B {E);z\}'; 12 13
« Evidence for freshly °
accelerated CRs Ackermann et al 2011, Science, 334, 1103

G. Johannesson Interstellar Emission 13
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A CR propagation

‘:ldr_ ma-ray

" Space Telescope

* CRs are generated at the source

— SNRs i
- :”’ Qﬂ hL‘h_k"-.
— pulsars, stellar wind, ISM S v Ralo_
shocks, DM, ... , /' 0.1-0.017x¢m

* CRs propagate through the Galaxy

— Energy losses, spallation,
convection, reacceleration, ...

— Scattering by magnetic fields
makes CR astronomy
impossible for all but the very
highest energies

* Gamma rays important for
underStanding CRs . Intergalactic space

G. Johannesson Interstellar Emission 14
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s ermi 1he Interstellar Galactic Gamma-ray Emission

Ga ¥

" Space Telescope

* Comprises more than half of the observed photons by Fermi-
LAT
— Strong signal to constrain CR physics

— Needs to be modeled accurately for data analysis

4 year Fermi LAT data > 1GeV, front converting events only

G. Johannesson Interstellar Emission 15



o A——— Two main analysis methods
ST
* Template analysis * Physical modeling
— Use templates for gas — Use template for gas
column density and IC column density
emission — CR flux and IC calculated
— CR flux determined from a with a propagation code
fit to gamma-ray data (e.g. GALPROP).
* Requires no knowledge * Requires complex CR
of CR propagation propagation
* Limited to uniform CR calculations
flux distribution for * Can account for
each template variation in CR flux
- Does not separate within templates
bremsstrahlung and * Constrained by other
hadronic interactions observations (e.g. CR
with gas. and synchrotron).

G. Johannesson Interstellar Emission 16



A Local emissivity

* In latitude range |b| > 10 degrees gas is located within ~ 1 kpc
from the sun.

— Useful to probe the local interstellar CR spectrum

* Using the template method we can determine the emissivity of
local HI gas

— Clear correlation between i S SRS AR REREN REREF L
HI column density and 0 i - l
cammarays after | S R R
subtracting those associated £, | AN
with other templates =T | 1

L . _'—_ 10
H_J‘r ______ - ]

l;-'_f " 7 preliminary J
Y S B R S— Y

LAT residual intensity (10° cm2s"'sr)

G. Johannesson Interstellar Emission 17



E>*Emissivity (M
=

102

Local emissivity

T T TTTITI
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t

Preliminary

. ...| Preliminary,

1 | JIIIIIl 1 1

10°

G. Johannesson

10°
Energy (MeV)

10°

Interstellar Emission
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* Compatible with observed CR proton, helium, and electron
spectra once solar modulation has been taken into account!!

Local emissivity

~102

T TTTHI

b

i
fud
=

I I[I]IIl

E*Emissivity (MeV’ s sr! MeV
=
th

III.’|

preliminary

Preliminary

hadronic interaction

IJIIIIIl | ] |

Ll

o

iy
| B T

.H:}EE L 1110l
10°

G. Johannesson

10°

Interstellar Emission

4

Energy (MeV)
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o — Outer Galaxy

G-Ell-_ ma-ray

/ Space Telescope

* More emissivity in the outer Galaxy than expected by
propagation models

— Requires more CR sources in the outer Galaxy or modified

propagation.

3.0 T T T T T T T 3.0 :

—_ — — z=1k
GALPROP models Rpu=14 kpc 2= \pe
— R,,=12 kpc z=2 kpc
flat

2.5 1 2.5} — z=4 kpc ||

— Rp,=10 kpc — z=10 kpc

2.0 2.0y

15¢ 1.5¢

1.0} 1.0

/V

Fermi — individual regions

0.5 0.5

Emissivity >200 MeV (1072 s! sr?)
Emissivity >200 MeV (1072 s! sr?)

0.0

0 2 4 6 8 10 12 14 16 0'00 2 4 6 8 10 12 14 16
Galactocentric radius (kpc) Galactocentric radius (kpc)

G. Johannesson Interstellar Emission 20



/”

o
= ermi

G-Ell-_ ma-ray

’ Space Telescope

X.,: conversion from CO to H,

- Gamma rays are a useful probe to study X_,

— CRs penetrate the clouds => uniform emissivity
— Emissivity can be determined from nearby Hl regions

_ NOt dependent L4 4= Flerml |rI|d|V|duaII regions
on assumpﬂons Fermi - GALPROP modeling
Bolatto et al. (2013)
about the 5{| = sStrong et al. (2004)
dynamical Nakanishi & Sofue (2006)
state of the _J__*
ol L
clouds I__H‘I

* Note that green
shaded region
was determined
using an a priori
assumption on
CR flux 0-24 2 4 6 8 10 12 14

Galactocentric radius (kpc)

! m

+

Xoo [10* ecm™ (Kkm s71)7!]

G. Johannesson Interstellar Emission 21



A External galaxies

* Observations of external galaxies allow us to probe CR
physics outside of the Milky Way

— LMC is the best target for such exploration

— Correlation between gamma-ray skymaps and IR skymaps
allows an estimate for CR propagation length

2078

MJylst Murphy et al. 2012 ApJ, 750, 126
1043 ——— e
523
260
' R
g o
E 65 B
= =T1)]
& 9
32
15
-70:00:00.0 Exp. ¥ ]
7 Gauss. © ]
3 1 1 1 L
50:00.0  45:00.0 5:40:00.0 35:00.0  30:00.0 0.0 0.2 0.4 0.6 0.8 1.0
Right ascension 1 l (kpc)

G. Johannesson Interstellar Emission 22



o — External galaxies

SFR (M_yr)
102 10" 1 10 102 10°

il o UTNondooedUportim
E O LAT Non-detected with AGN (Upper Limit)
 ® LAT Detected
* Quasi linear correlation 8 B Oyl 200
found between IR and £ 107E I e -
gamma-ray luminosities 3 e -
= = i 3L o o 9
— IR luminosity expectedto 3 o B o8, oag?®
trace star formation => “ B TR 2
. =] -4
link between CRs and il

massive stars

—h
<
o

L llllllll 1 lIIlIIII 1 lIIIlIlJ 1 IIJIlJlJ 1 Illl[ll] L L LLLLLL

102 10° 10 10'"" 10"
L8-1000].1m (LG)
Ackermann et al. 2012, ApJ, 755, 164
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ixﬁ..;ﬁﬁmj Summary

G-Ell-_ ma-ray

/ Space Telescope

SNRs now observed to accelerate CR nuclei to high energies

— Connection between massive star-forming regions and CR
acceleration

* Gamma rays in the local environment agree well with direct
observations of CRs

— Emission mechanism understood

* Gamma rays provide a wealth of information to constrain CR
propagation models

— More gamma rays than expected in outer Galaxy
* More CR sources? More gas? Different propagation?
— Larger halo size is preferred
* There is currently no single best fit interstellar emission model

— A range of models can be put forward that explain the data
reasonably well

G. Johannesson Interstellar Emission 24
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G-Ell-_ ma-ray

J Space Telescope

Backup slides ...

G. Johannesson Interstellar Emission 25



o A——— The Interstellar Radiation Field (ISRF)

Gamma-ray

* Three main components
— Stellar light
— Dust re-emission of stellar light
— The Cosmic microwave background
* Only directly observable in one location
— Need sophisticated modeling
* Stellar distribution and properties  porter et al. 2008 ApJ 682
* Dust distribution and properties
* Radiation transport
— Some freedom in the model

* Especially in the inner Galaxy
(both dust and stars)

G. Johannesson Interstellar Emission 26
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@, ermdi Couple of ISRF models -
Gamma-ray A o
Space Telescope Q QG‘

v

0.0103

4.23e+03 251e+03 251e+03
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e “First light suruey
~ at high galactic latitude

T A
% Larﬁscaia structure
\ lin the*‘Mllkg Wag

~ h -
W " .
- dev &
5
, % ‘\
s B\ e : s ‘-
[ L okl ; . v g o
AR Wi g
g
;

The Planck one-year aII-skg suruey @esa (c) ESA, HFT and LFI consortia, July 2010



A The Three Components of the ISM

* Most of the ISM is hydrogen gas in three different forms:
— Atomic (H I) et A

* The most massive Lol
component with a large :
filling factor, z  ~ 200 pc. = :of

/ Density at z=0 ]

— Molecular (H)

* The most dense _
component, very clumpy,
z  ~ 100 pc. S

Density, atoms cm

1.0

— lonized (H 1) - [ HI
TN
* The least significant 00 s e -
component, very R (kpc)
widespread, z._ ~ 1 kpc Strong A.W., Moskalenko 1.V.
> T2 )

1998, ApJ 509, 212-228

G. Johannesson Interstellar Emission 29



A Atomic Hydrogen

* Emits radiation at 21 cm wavelengths
— Hyperfine splitting of the ground state

* Not optically thin in all regions, need to correct for optical
thickness

— Often parametrized in terms of a spin temperature, T_under
the assumption of a homogeneous line of sight

N (T(v))=—og(1 -2 e (w)ec

— Need to know T (v) for all lines of sight

« Observations in radio show T_ to be in the range 50 K —

8000 K

* Usually pick a single value for TS and apply it to the
entire sky

G. Johannesson Interstellar Emission 30
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A Molecular Hydrogen

G-Ell-_ ma-ray

/ Space Telescope

No line emission observed from cold H2

— CO used as a surrogate as both
molecules form under similar
conditions (H, shields from UV light)

* CO J 1->0 line used for tracing CO

— The integrated line intensity, WCO, is
found to be roughly linearly related to
H, column density

* NH2 = XCO i WCO

* Velocity information and rotation curve
used to create a radial profile from
emission lines

G. Johannesson Interstellar Emission 31



A Dust and Gamma-Rays

* Shown by Grenier et al. 2005 to be essential in analyzing
EGRET data to account for dark gas (H, not traced by CO)
— This has been confirmed by the Fermi-LAT data

* Observations of dust are in IR continuum ( turned into
reddening E(B-V) ), so we must use CO and H | for distance
information:

— Gas to dust ratio determined from H | and CO
— Contribution of H | and CO subtracted from dust
- Corrects for dark gas and also uncertain T_and X__
under the assumption of constant gas to dust ratio
* Use optically thin H | as a lower limit
— Radial distribution of the residual dust unknown

G. Johannesson Interstellar Emission 32



A Intermediate Latitude Spectra

* Gas has small scale height => probes local CRs
— Good agreement between data and model

— Modeling works when ingredients are reasonably well

known
0° <=1<=360° 10° <=|b| <=20°

_‘
<
(3]

Total
Total GDE
103 10-decay
Model 2: SNR, 4 kpc, IC
20 kpc, 150 K, 5 mag Isotropic

10~4 2

0.15
0.00
—0.15

Fractional residual Ef, Jy( E) [MeV em 25! sr‘l]

103 10* 10°
E, [MeV]
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A Local emissivity

G-Ell-_ ma-ray

/ Space Telescope

* Analyses of other region suggest a slight variation of CR
density within 1 kpc of the solar system

— Within systematlc uncertainties in most cases

black points: statlstlcal+systemat|c uncertainties
color points: statistical uncertainties only

¢+#-‘Qf%“+*‘*v+$

++’t+ rif;ﬂ

u T+

=

o
)
=

E? emissivity (MeV? photons s™! sr'! Hatom™! MeV™)

4 4 Casandjian (2013), PRELIMINARY ¢ & Cygnus |
4 4 mid-latitude third quadrant 4 4 R Coronae Australis
4 4 second quadrant & © Cepheus *
10%°} 4 4 third quadrant 4 4 Orion
10° 10° 10*
E (MeV)
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o — Latitude profile

* Models agree with data spanning more than an order of
magnitude in flux

— Models underpredict the data in the outer Galaxy plane
* CR sources? Gas densities? Propagation?

— North-south _ 200MeV - 160MY
n = —4 o s} _ o bl -
asymmetry visible B S - .
[ ] Oola
* Origin not known - | | Total GDE
7’;} 107> . Hl
Model 44: Lorimer, 6 kpc, Ng IC
20 kpc, OT, 5 mag - - MEL AR
1076 fr—ror - N AV - '
/ \ 1 Isotropic
% 0.15F ' . ' ]
T 000 |t it
£ —ous FE""” | l | .
£

-50 0 50
Galactic latitude [deg]
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o — Studying Systematics Using GALPROP

G-Ell-_ ma-ray

’ Space Telescope
* CR source distribution from literature

4.0

— Pulsars (2 versions), SNRs, OB stars  .f .« Pulsars (Lorimer 06)
— Assumes massive star origin | 4 Pulsars (Y&K 04)
. CR fi I hal .5 14— OB (Bronfman 00)
confinement volume (halo) o SNRs (CB 98)|
— Vertical: 4, 6, 8, 10 kpc 7
— Radial: 20, 30 kpc Wil N
* Spin temperature |

— T.: 150 K, Optically thin (100,000 K) T

* E(B-V) magnitude cut
— 2 and 5 magnitudes
- ISRF scaling and X determined from gamma-ray fit to 21 months

of Fermi-LAT data

* Propagation determined from CR data (B/C, element spectra) with
Iterative X feedback from gamma-ray fit

* Grid comprises 4x4x2x2x2=128 models

G. Johannesson Interstellar Emission 36
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G-Ell-_ ma-ray

/ Space Telescope
* Large difference in likelihood between models

— No single model gives best fit over all sky regions

Statistical Comparison

* Large halo, flat CR source distribution and
more gas favored in outer Galaxy

5 mag E(B-V) cut favored
— Dust better than CO + Hl only

z_= 4kpc, 6kpc, , 10kpc
R, = 20kpc (sq), 30kpc (circ)
T, = 150K (filled), OT (open)

E(B-V) cut =
2mag (dark), 5mag (light)

Model number

|b| > 8 deg |b|<8deg&|>80deg&|<280deg
= | =
= 12 |SNR . : Lorimer %%Yumfov 'E‘ES OB Stars - > 35 [ SNR . o Lorlmer Yus1f0V OB Stars _
o B od o ' °
ST S 330 A TLL g0 ] 8 30 .
2 Qo @ oo ‘oo ) >
£ g, = o a0 oo | £
o = . . ‘00 2
= e : : : S 20k .
S 6% S L 1 s .
= e "or  wlwe  agd. S 15 :
% 4 .. ." ] . o. ® % .
Q — ° . . 1 .
é ) * o=, :" * oW, é 10
g 2k "e . ag - 1 £ :
= fu o : o = 5 :
=11] a ® : %D :
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o A—— Inverse Compton normalization

G-Ell-_ ma-ray

/ Space Telescope

Evidence for a large halo from IC

— Depends on the assumed CR source

distribution, smaller effect for

z_= 4kpc, 6kpc, , 10kpc
R, = 20kpc (sq), 30kpc (circ)
T, = 150K (filled), OT (open)

e : E(B-V) cut =
distribution peaking close to GC. ( %;L;g (dark), 5mag (light)
- IC fit compensates for changes  [bl > 8 deg
- " 25 — —_— ,
in gas densities _ |SNR  Lorimer :Yusifov OB Stars
— Despite spatial and £ o les : : 10° |
spectral difference 2 e 88 . BTN
é LO DO&IO 00 .. 0o &0
between the two s 5| ..:“ i Z, o ._f
components Z e \ r."E' 5689 wsdc s
. 100085, EN
+ Normalization factor of IC = 10} T S'n G;‘;f)i& " 24 E(B-V)|
affected by uncertainties in = R
both CR electrons and ISRF £ o5} h -
@)
00 | : | ] : | : | |

0 20 40 60 80 100 120
Model number
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- Residual Maps and their Differences

Same color scal

o thin ~100° Model details:
Structure overall good to within ~10% 2 SNR. 4kpe. 20kpc, 150K, 5m
— Exceptions are Fermi lobes (Su et al. 44: Lorimer, 6kpc, 20kpc, OT, 5m
1 Y&K, 10k
2010 ApJ 724), Loop |, outer Galaxy 93: YK, 10kpc, S0kpe, 150K, 2m

119: OB, 8kpc, 30kpc, OT, 2m
* Structure in lower maps due to variations of
model parameters
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A Residual Differences

G-Ell-_ ma-ray

’ Space Telescope

* Only varying CR source distribution

Lorimer-SNR Lorimer-OB Lorimer-Y&K
ﬁ‘tv o T o
bl - A e & A e
-0 -0.05 0 bH1 0.1 005 0 o.bﬁ1 -0.1_?% 0

hg gas bfopeﬁies

. nly varyi

2mag - Smag

-
¥ - . [ - .
DAL R T R T ey
Z
7 — | NS : E—
-0.1 -0.05 0 0.05 0.1 -01 -0.05 0 0.05 01

* Gas properties clearly have a larger influence
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o A——— CR Propagation Parameters

* Determined from a fit to H, He, C, O, and B/C
(error bars statistical only)

— X_, feedback from gamma-ray fit important

z_= 4kpc, 6kpc, 8kpc, 10kpc
— Propagation parameters depend on ISM R = 20kpc (sq), 30kpc (circ)
and CR source distribution T, = 150K (filled), OT (open)

— Only X__ determined from gamma-rays E(B'V;;‘;t;(dark), Smag (light)
SNR 1 E%;Lééi]mer | E‘r‘usifclw bB Starsl 13 NR T : Lr::rimer T EYusifc;v ElIZ)B Starsl
? 12} 5 : :
g, ottty F I
gl L e 2T g
: 1931 | 8 TICR L o I PO 249
JUARRE 3o
o HE T TR 2] S
T R e e P
: 5! S u- .’—..: (B_V)
2535 40 60 80 100 120 . R S S I
Model # 0 20 40 60 80 100 120

Model #



< A—— The “Conventional” Model
Gamma ay
w ST Credit: Moskalenko, |.
04 ' ' ' ' -
* CRinjection spectra and propagation s B/C o
parameters adjusted so model s ' § Upsses

matches CR observations 0.25

— Secondary/primary ratio o2
determines D /z_ratio e

0.1
— Radioactive/stable ratio 0.05

determines Zh e '1L£lmj '16100' ‘10‘:100' 1'061005 10406
Ex, MeV/nucleon

— Injection spectra adjusted to fit .-

observed spectra I :zzmiiz?f Caintr nao e 2
* CR source distribution cannot be 0.4:- 0 QE;%SSH,:;
determined g o3[ | MeTm -
* Halo size not well constrained JILE] S ¢ :
* Limited by solar modulation atlow '} ,z'_TTL T el |
energies 0 Sl el

_ Ewin, GeV/nucleon
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