\'H OH

Andys W2 Siiizong

INFE, Gzrmany

Topics covered:

* Intro'to the physics that we are working with

(v-ray - CR connection)
GALPROP modeling of diffuse emission
GALPRORP principles

What needs to be done




w Diffuse Galactic Gamma-ray Emission

Tracer of CR (protons, electrons) interactions in the ISM:

o Study of CR species in distant locations (spectra & intensities)
» CR acceleration (SNRs, W-R stars etc.) and propagation

o Emission from local clouds — local CR spectra
> CR variations, Solar modulation

o May contain signatures of exotic physics (dark matter etc.)
» Cosmology, SUSY, hints for accelerator experiments

o Background for point sources

Besides:
o "Diffuse” emission from other reqular galaxies
» Cosmic rays in other galaxies !
o Foreground in studies of the extragalactic diffuse emission

o Extragalactic diffuse emission (blazars ?) may contain signatures of
exotic physics (dark matter, BH evaporation etc.)

Igor V. Moskalenko/NASA-GSFC 2 GLAST meeting/SLAC 2005/05/23-24



@088 Nuclear component in CR: What wg can learn?

Stable secondaries: ]
L
Li, Be, B, Sc, Ti, V (]

Propagation parameters:
Radio (t;,,~1 Myr)| |Diffusion coeff., halo
10Be 26A| 36C| 54 size, Alfvén speed,
I— convection velosi

[ K-capture: 37Ar 49V

51Cr, 55Fe, 57Co

Diffuse y-rays

140 o Galactic,
Short 1;,, radio *C extragalactic:

~ & heavy 2>30 | ] ocal medium: blazars, relic
. Local Bubble neutralino

\

[ Heavy Z>30:

Cu, Zn, Ga, Ge, Rb | | Material & acceleration
= sites, nucleosynthesis (r-
VS. S-processes)

\
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w CR Interactions in the Interstellar Medium

SNR—RX J1713-394

42 sigma (2003#+2004 datal)

L

-39d30°

HESS
Preliminary

17h15m 17hiim
L L

20 GeV/n

CR sgecies:
> Only 1 location
> modulation
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w CR Propagation: Milky Way Galaxy

Optical image: Cheng et al. 1992, Brinkman et al. 1993 1 kpc~3x 1018 cm
Radio contours: Condon et al. 1998 AJ 115, 1693 )

&=

Q \\\\\

/ Halo_
0.1-0.01/tcm

. Intergalactic space

R Band image of NGC891
1.4 GHz continuum (NVSS), 1,2,...64 mJy/ beam
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‘W Fixing Propagation Parameters: Standard Way

04 .

05 L i \Ef)z:r:ger | Us.ing sc.acondar'y( p.r'imar'y m.Jcle.i ratio:
03 | s Uysses | ‘Diffusion coefficient and its index

2 ACE

0.25 4 HEAO-3

‘Propagation mode and its parameters

02 (e.g., reacceleration Vg4, convection V)
0.15
01 05_' | N L | 4 LR | ' L | ' "_
0.05 Be'%/Be’
0 MR B BT RPNy ST 0.4 |
10 100 1000 10000 100000 1e+06
Ex. MeV/nucleon 0a L phi-asomy l
. . . 0.2 Data: -
Radioactive isotopes: F Vorager
ysses
. . 0.1 ¥ 1
Galactic halo size Zj, — E ACE
_ . Znincrease ..
Il)10 100 1000 10000 100000 1e+06
Ex, MeV/nucleon

Igor V. Moskalenko/NASA-GSFC 6 GLAST meeting/SLAC 2005/05/23-24



w Peak in the Secondary/Primary Ratio

» Leaky-box model:
fitting path-length distribution -> free function

04
0.35 |
03
0.25 [
0.2.____..--""
0.15 |
01t

0.05 -

0 1 1 1 L
10 100 1000 10000 100000 1e+06
Kinetic energy, MeV/nucleon

Diffusion models:

> Plain diffusion
> Diffusive reacceleration
» Convection

» Damping of interstellar turbulence
> Etc.

Measuring many isotopes in CR simultaneously may help to distinguish

Igor V. Moskalenko/NASA-GSFC 7

GLAST meeting/SLAC 2005/05/23-24



Nuclear Reaction Network+Cross Sections

57 = -'_ kil
)Seco‘ndar'y, Fe55 Co’) We¥ees
raclioactive <1 Yhyr MnS% g WG N f_*.'lrE\'!‘-!‘i‘
- isotopes 3 : kil
& K-capture P oG =tz (lE = e
e b | ik Lkt
Ca*l» R
. v Eoan A
37, e = X i ol i
ot e e
ST g et e e Decay Q-value Range
13 I; [t " 2 )
A|26|1!.:'. : @ ar o nﬁl’ 'Rn L Q(p-120
o mm s R . - Hm'r:-sg:-u
=Ei B Q=0 + QUEC)=D
AL Syl ey - TR 24 L Stable 1o Beta Decs
E C JA : m = n tl mutf;:-u 4
Y ¢ I _ TFi ; = B QEC)S>0
& can.ian® 8 B qpi0
[ B @ - | Maturally Abundani
. 10 N = g 16
Be e ‘ I 14
B b iID)

= Plus some dozens of more complicated reactions.
But many cross sections are not well known...
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Gas Distribution

1.2

Ho Hydrogen distribution MOIQCUIGr' hYdrogen HZ
N Z=0,0.1,0.2 kpc] is traced using J=1-0

transition of !2CO,
08 | | concentrated mostly in
" the plane
5 (z~70 pc, R<10 kpc)

Atomic hydrogen H I
(radio 21 cm) has a

wider distribution
(z~1 kpc, R~30 kpc)

'll L Hi;

0 2 4 6 8 10 12 14 16

18 20

Tonized hydrogen H II
(visible, UV, X) small
proportion, but exists
even in halo (z~1 kpc)

meeting/SLAC 2005/05/23-24



Energy density

nfodel 04-000015

R = 4.0 kpe

Interstellar Radiation Field

4

eV om

TOTAL

1o.000

STeIIaD

+ Dust
L] CMB ) % 0.100

a.010

a.001
- 0.1
[ B
puuns
----------ll
L]
---ll

4

eV om

energy densily,

10.00

Energy density

model 04-000015

1o.000
R= 8.00 =z= 0.00

== 0.0 kpe

model 04-000015

TOTAL

L
Yy

o T o0.400

0.10 i
P 0.0i0 stellar

0.01

7] a 1o T3 20 : 1

R, kpe 0.00F v A ool

100.0

10.0

a1 1000.0 100004

wavelength, pm

stellar !

1.

A= 0.00 z= 0.00

model 04-000015

100.0 1000.0 100004

wavelength, pm
10.000
R= 4.00 z= 0.00
model O04-000015
~  1.000
1
g
=
)
LTy E
< 0010
H
\
i
)
i H
0.00 r RS - ST W Ver R o
0.1 1.0 10.0 100.0 10000 100004

wavelength, pm
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w Transport Equations ~90 (no. of CR species)

oy (r,p,t)
ot

diffusion

diffusive reacceleration

E-loss

fragmentation

+

_|_

= q(7,p) sources (SNR, nuclear reactions...)

\Y [D__Vy -Vy] convection
9),2p S v

op PP op p2

o [ dp 1 - :
87 { w Y T3P w} convection
Y _ ¥ radioactive decay

Tf Td

w(r,p,t) — density per total momentum
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CR Variations in Space & Time

Region 2
2 10 g
%
< -
o 08
©
|
o
a
£
3
<
o
G
5 R, kpc
07k
f.5F

a.1

—er (>0.5 GV), part/em’-sec

Electron/positron
energylosses

Fassce LM D]

More frequent SN
in the spiral arms

Historical variations of CR

intensity over 150 000 yr

(Be10 in South Polar' ice)

!

!
A

\
-"| !.

A\

Zﬂ Iﬂﬂ

kyr BP

IZb' g

Konstantinov et al. 1990

Different "collecting” areas A vs. p

]
BO0
wol | 1200, 12, .' oy I}/\\‘:E“G ;
[
200} %"‘r“""_ / f
I VA )
1000 19 10 0?0t TR T Ty m wt ot ot
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w Electron Fluctuations/SNR stochastic events

GeV electrons 100 TeV electrons
GALPROP/Credit S.Swordy

t‘l;w
[ 4 Ui““ll] ]

Ul =

|

>3 o0 Ener‘gy losses | _

~

"-6 720 e -

N Ic

‘.-g ) IC, synchrotron

T Electron energy loss timescale:

A coulom
107 yr 1 TeV: ~300 000 yr
106 yr w20V NTJTEY 100 TeV: ~3 000 yr
Ekm GeV |
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E intensity, cni?sr's MeV
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cI
1.3
I

E2. intensity, cm? sr' s™ MeV

Diffuse Gammas at Different Sky Regions
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Longitude Profiles |b|<5°
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intensity, cm™? sr' s

Latitude Profiles: Inner Galaxy
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Latitude Profiles: Outer Galaxy

. galdef ID 44_500190

50-70 MeV

intensity, cm? s s

galdef ID 44_500190

-80 -60 -40 -20 0 20 40 60 80

Galactic latitude

intensity, cm? s s

w004 2_4 GeV

30.5<l<f

10°

80 -60 -40 -20 0 20 40 60 80
Galactic latitude

galdef ID 44_500190

. wl 0.5-1 GeV
w
%
=
o
=
7
c
2
£
107
_IlIIIIIII|III|IIIIIIIIIIrlIIIlIIIlI
-80 -60 -40 -20 0 20 40 60 80
Galactic latitude
galdet ID 44_500190
. w‘f'_,f'j‘ 4-10 GeV
%
‘E10°
o
=
7
c
2
|E <7
10 2
10-8:—
Lol t e ia el 1 | | |

-80 -60 -40 -20 0 20 40 60 80

Galactic latitude

Igor V. Moskalenko/NASA-GSFC 18

GLAST meeting/SLAC

2005/05/23-24



Predicted vs. observed

Extragalactic Gamma-Ray Background
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w Distribution of CR Sources & Gradient in the CO/H,

g CR distribution from diffuse gammas
- * (Strong & Mattox 1996)
?5 | SNR distribution (Case &

¥ l ~~ " Bhattacharya 1998)

o { 7 Pulsar distribution (Lorimer 2004)
A e T U B
- f F " 4 R
o 9 I I .‘_’
N v <
( 5 Sl.lﬂ|.;;. 15 — s N :
R, kpc Tm 10.0 - ’,:./"4/ B
Xco=N(H)/ W ! < TR P
Histo -This work, Strong et al.'04 [N |
----- -Sodroski et al.'95,97 3 :
1.9x1020 -Strong & Mattox'96 S
~Z1 “Boselli et al.'02 oo | ,
~Z25-Israel'97,00, [0/H]=0.04,0.07 dex/kpc 0 > 10 10
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‘W GALPROP Input: galdef-files

GALPRORP is parameter-driven (user can specify everythingl!)
Grids

2D/3D -options; symmetry options (full 3D, 1/8 -quadrants)

Spatial, energy/momentum, latitude & longitude grids

Ranges: energy, R, X, vy, z, latitude & longitude

Time steps
Propagation parameters

D,.. V4, V. & injection spectra (p,e)

X-factors (including R-dependence)
Sources

Parameterized distributions

Known SNRs

Random SNRs (with given/random spectra), fime dependent eq.
Other

Source isotopic abundances, secondary particles (pbar , e, v,
synchro), anisotropic IC, energy losses, nuclear production cross
sections...
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Grids

>
N X,
R’

N

O

10

................1.............

4

™

N

Typical grid steps (can be arbitrary!)

................F”.............

0.1 kpc, AAz = 0.01 kpc (gas averaging)
1 kpc

Az
AR

x1.2 (log-grid)

AE
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w GALPROP Output/FITS files

Provides literally everything:

» All nuclei and particle spectra in every grid point
(x,y,R,z,E) -FITS files

Separately for m9-decay, IC, bremsstrahlung:
+ Emissivities in every grid point (x,y,R,z,E process)
» Skymaps with a given resolution (I,b,E process)

» Output of maps separated into Hz, H,, and rings to
allow fitting X, metallicity gradient etc.
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AR GALPROP user's community

* GLAST ('07) - spectrum of the diffuse emission
(Galactic, extragalactic) & background model

+ Pamela ('05!l), AMS ('08) - accurate CR
measurements (H-C, pbars, e*), dark matter
searches

* ACE, TIGER - interpretation of nuclear isotopic
abundances

HEAT - electrons, positrons
» +many independent researchers world-wide

Each experiment addresses some part of the whole
picture "Milky Way galaxy” — results of each
experiment are important for others
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algorithm

primary source functions (p, He, C .... Ni)
source abundances, spectra
primary propagation -starting from maxA=64

source functions (Be, B...., e*,e", pbars)
using primaries and gas distributions
secondary propagation

. 2

, . . tertiary source functions
QN NI CCIULU tertiary propagation

- =
y-rays (IC, bremsstrahlung, m°-decay)

(ii) y-rays

radio: synchrotron
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AR GALPROP Calculations

Constraints

* Bin size (x,y,z) depends on the computer speed, RAM; final run can be done
on a very fine grid

* No other constraints | -any required process/formalism can be implemented

Calculations (y -ray related)

»Vectorization options
» Now 64 bit to allow unlimited arrays
» Heliospheric modulation: routinely force-field, more sophisticated model ?

1. With propagated CR spectra: calculate the emissivities (m%-decay, IC,
bremss) in every grid point

2.Integrate the emissivities over the line of sight:

* GALPROP has a full 3D grid, but currently only 2D gas maps (H2, H I, H II)
» Using actual annular maps (column density) at the final step

- High latitudes above b=40° -using integrated H I distribution
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‘W Near Future Developments

Full 3D Galactic structure:

3D gas maps (from S.Digel, S.Hunter and/or smbd else)

3D interstellar radiation & magnetic fields (A.Strong & T.Porter)
Cross sections:

Diffractive dissociation with scaling violation (T.Kamae -param.)

Isotopic cross sections (with S.Mashnik, LANL; try to motivate BNL,
JENDL-Japan, other Nuc. Data Centers)

Modeling the local structure:
Local SNRs with known positions and ages

Local Bubble, local clouds -may be done at the final calculation step
(grid bin size ??)

Energy range:

Extend toward sub-MeV range to compare with INTEGRAL diffuse
emission (continuum; 511 keV line)

Heliospheric modulation:
Implementing a modern formalism (Potgieter, Zank etc.)

Visualization tool (started) using the classes of CERN ROOT package:
ima eds, profiles, and spectra from GALPROP to be directly compared
with data

Improving the GALPROP module structure (for DM studies)
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‘W More developments

> Point sources: develop algorithm(s) for modeling the background
and interface to the rest of GLAST software

Instrumental response: how to implement?
Diffuse emission analysis has to include point source catalog!
At least, two diffuse models: with/without the "excess”

Develop test case(s) to test the accuracy of the numerical model
(simple gas distribution, no energy losses, uniform ISRF etc.)

» Complete C++ package: rewrite several fortran routines in C++
Develop a dedicated Web-site:
Controlled changes in GALPROP: tests +documentation +...
Allow for communication with users

Post relevant information: best models, gas maps, ISRF, nuclear
cross sections...

Ability to run GALPROP on-line...

> Develop a fitting procedure to make automatic fitting to B/C
ratio, CR spectra and abundances

YV V VYV V
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