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The interstellar gas plays a key role in the astrophysics of cosmic-rays (CRs). The gas serves as a
target for the CR particles causing energy losses and generation of secondary CR particles and the
high-energy interstellar emission. Observations of the spectra and abundances of these secondary
particles are used to decipher the propagation history of CRs and to decode possible signatures
of new physics. Until now, most calculations of CR propagation have used 2D cylindrically
symmetric models for the distribution of the interstellar gas. This is partly due to the inevitable
difficulties in determination of the 3D gas distributions. We present a method for determination
of the 3D distribution of interstellar gas and our preliminary results. We discuss the effect these
new 3D models may have on the analysis and interpretation of CR propagation and high-energy
interstellar emissions.
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1
Introduction

T
he

interstellar
em

ission
resulting

from
cosm

ic
rays

(C
R
s)

interacting
w
ith

the
interstellar

m
edium

(ISM
)
in

the
G
alaxy

is
a
prom

inent
feature

of
the

γ-ray
sky

and
is

responsible
for

m
ore

than
half

of
the

photons
observed

by
the

Ferm
i–LA

T
.
M
ost

of
the

current
interstellar

em
ission

m
odels

(IE
M
s)

assum
e
a
2D

cylindrically
sym

m
etric

distribution
of

C
R
s

[1,2].
W

hile
they

provide
a
reasonable

fit
to

the
Ferm

i–LA
T

data,resid-
uals

ofthe
order

offew
tens

ofpercent
are

visible
on

scales
ranging

from
a
few

to
tens

of
degrees.

Som
e
of

those
are

likely
related

to
large

scale
structures

in
the

C
R

and
ISM

that
is
not

encapsulated
in

the
2D

m
odels.

T
hese

new
data

have
inspired

progress
tow

ards
a
m
ore

detailed
3D

m
od-

els
for

the
high

energy
interstellar

em
ission

[3,4,5].
T
his

w
ork

follow
s
a

sim
ilar

path
focusing

on
the

distribution
of

interstellar
gas

and
how

its
distribution

affects
the

expected
distribution

of
C
R
s.

K
now

ledge
ofthe

distribution
ofinterstellar

gas
com

es
m
ostly

from
ob-

servation
ofthe

H
i21-cm

line
and

C
O

2
.6-m

m
line

[6].
T
he

line
em

ission
strength

is
related

to
the

colum
n
density

of
interstellar

gas
and

under
assum

ptions
of

cylindrical
gas

m
otion

the
D
oppler

shift
of

the
em

ission
lines

can
be

used
to

infer
the

distance
to

the
em

itting
gas.

T
his

gives
a

direct
m
apping

from
the

observed
line

em
ission

(l,b,v
)
to

the
density

of
interstellar

gas
(x
,y
,z
)
[7,

8,
9].

T
his

m
apping

is
how

ever
not

w
ithout

issues.
T
herm

aland
turbulent

m
otions

of
the

gas
create

a
spread

in
the

D
oppler

shift
that

directly
relates

back
to

spread
in

distance
estim

ates
resulting

in
elongated

features
along

lines
ofsight.

T
he

gas
is
also

not
in

a
purely

cylindricalm
otion

around
the

G
alactic

centre
(G

C
)
and

those
non-

cylindricalvelocities
dom

inate
the

D
oppler

shift
along

directions
tow

ards
and

aw
ay

from
the

G
C

resulting
in

regions
w
ith

no
distance

inform
ation.

In
this

w
ork

w
e
instead

use
the

inverse
m
apping

(x
,y
,z
)
→

(l,b,v
)
and

param
eterise

the
gas

density
distribution.

T
he

param
eters

are
adjusted

in
a
m
axim

um
likelihood

fit
to

the
em

ission
line

data.
T
his

enforces
continuity

across
directions

w
ere

non-cylindrical
m
otions

dom
inate

and
reduces

the
effect

ofrandom
gas

m
otion

because
sm

oothing
is
applied

to
the

m
odel.

T
his

com
es

at
the

expense
offine

structure
in

the
m
odelthat

is
diffi

cult
to

account
for

unless
the

num
ber

of
param

eters
in

the
m
odel

becom
es

unreasonably
large.

2
3D

m
odeling

of
the

interstellar
gas

T
he

param
eters

of
the

m
odelare

optim
ised

using
a
m
axim

um
-likelihood

fit
to

the
H

i
LA

B
survey

[10]and
the

D
H
T

C
O

survey
[11].

T
he

survey
data

is
re-binned

to
a
H
E
A
LP

ix
grid

[12]using
H
E
A
LP

ix
order

7
for

H
i

w
hile

order
8
is

used
for

the
C
O

data.
T
he

spatial
resolution

is
chosen

to
resolve

the
latitudinal

dependence
of

the
gas

distribution
tow

ard
the

G
C
.
T
he

velocity
resolution

of
both

surveys
is

degraded
to

2
km

s −
1,

w
hich

is
sm

aller
than

the
expected

line
broadening

due
to

turbulent
and

therm
alem

otion
that

is
assum

ed
to

be
6
km

/s
and

10
km

/s
for

C
O

and
H

irespectively.
T
he

statisticaluncertainty
on

the
data

is
assum

ed
to

be
constant

over
the

entire
sky

and
values

of
0.05

K
for

C
O

and
0.1

K
for

H
I
are

assum
ed,

w
hich

are
in

agreem
ent

w
ith

the
noise

estim
ate

for
the

originalsurveystaking
into

accountthe
re-binning.

E
ven

though
the

noise
in

the
surveys

is
norm

ally
distributed,

a
student-t

likelihood
is

used
to

reduce
sensitivities

to
large

outliers
that

are
inevitable

because
the

m
odel

cannot
capture

the
finest

structures
in

the
line

em
ission

observations.
T
he

m
odelconsists

oftw
o
parts,the

density
ofthe

gas
n
x (
~X
)
and

the
velocity

field
of

the
gas

~v
(
~X
),

w
here

~X
is

the
position

in
the

G
alaxy

and
the

subscript
x
can

be
either

H
i
or

C
O
.
For

each
line-of-sight

the
velocity

field
is
used

to
calculate

the
expected

D
oppler

shift
as

a
function

ofdistance
to

set
the

integration
boundaries

ofthe
m
odel.

T
he

density
is

then
integrated

along
the

line-of-sight
and

converted
to

line
intensity.

For
H

ithe
radiative

transport
equation

is
used

to
estim

ate
the

line
intensity

assum
ing

the
gas

is
optically

thin.
For

C
O

the
line

intensity
is

assum
ed

linearly
related

to
the

density,w
hich

is
suitable

ifthe
finalm

odelis
turned

into
H

2
densities

using
the

X
C
O
factor.

Forthis
contribution

w
e
use

a
sim

ple
geom

etricalm
odels

forthe
density

and
cylindrical

rotation
using

the
rotation

curve
from

[13].
B
ecause

the
m
odeldoes

notprovide
any

distance
inform

ation
around

the
G
C
and

anti-
centre

the
velocity

inform
ation

w
ithin

±
10

◦
longitude

about
both

centres
is

ignored
and

only
the

velocity
integrated

em
ission

is
used

to
form

the
likelihood.

T
he

m
odels

are
built

iteratively,starting
w
ith

a
2D

disc
m
odel

and
then

adding
m
ore

com
plex

features
as

necessary.
T
he

added
features

com
prise:

w
arping

of
the

disc,
a
central

bulge/bar,
flaring

in
the

outer
G
alaxy,

and
spiral

arm
s.

T
he

w
arp

and
the

flaring
are

significant
only

in
the

outer
G
alaxy

and
therefore

do
not

have
a
large

effect
on

the
C
O

analysis
that

has
only

a
sm

all
am

ount
of

gas
in

the
outer

G
alaxy.

T
he



F
igure

1:
Surface

density
m
aps

of
the

final
m
odels

w
ith

H
i
on

left
and

C
O

on
right.

T
he

C
O

m
odel

is
converted

to
surface

density
assum

ing
X

C
O
=

2·10
2
0
cm

−
2
K

−
1
(km

/s) −
1.

T
he

sun
is
m
arked

as
a
w
hite

point
and

the
dashed

lines
show

directions
of

longitudes
at

30 ◦
intervals.

bulge/bar
has

only
a
sm

all
effect

for
the

H
i
and

the
density

ascribed
to

this
com

ponent
from

the
analysis

is
insignificant.

A
dding

logarithm
ic

spiralarm
s
gives

a
significant

im
provem

ent
for

both
atom

ic
and

m
olecular

gas
m
odels.

T
he

surface
density

of
the

final
distribution

is
show

n
in

figure
1.

T
he

spiral
arm

s
are

prom
inent

in
both

H
i
and

C
O

and
the

central
bulge

in
C
O
.T

he
m
odelparam

eters
w
ere

setsuch
thatthe

shape
ofthe

spiralarm
s

are
identical

in
both

m
odels,

the
radial

density
distribution

is
identical

for
the

disk
and

spiral
arm

s
in

each
m
odel

but
the

relative
contribution

of
each

arm
is

free.
For

C
O

the
density

of
one

of
the

arm
s
is

effectively
put

to
0
and

another
is

a
factor

∼
10

less
dense

than
the

densest
arm

and
therefore

barely
visible

in
the

figure.
C
om

parison
of

the
m
odels

to
data

is
show

n
in

the
velocity

integrated
longitude

profiles
along

the
plane

in
figure

2.
T
he

m
odel

system
atically

under
predicts

the
data

w
hich

is
to

be
expected

w
hen

using
the

student-t
likelihood

that
de-w

eights
the

tailofthe
residualdistribution

that
is
in

this
case

dom
inated

by
positive

residuals.
T
his

w
as

by
design

so
m
issing

com
ponents

w
ould

m
ore

easily
show

up
as

positive
structures

in
the

residuals.
T
he

spiral
arm

features
are

clearly
visible

in
the

m
odelprofiles

as
peaks

and
they

m
atch

sim
ilar

features
in

the
data.

T
he

m
odelchosen

for
this

w
ork

is
clearly

not
capable

ofreproducing
allthe

com
plex

features
ofthe

data
even

though
the

spiral
arm

structure
reasonably

m
atches

that
of

the
data.

F
igure

2:
Longitude

profile
of

the
m
odels

(curves)
overlaid

on
the

data
(points).

T
he

m
odel

and
data

are
integrated

over
all

velocity
bins

and
averaged

over
the

latitude
range

−
4
◦
<
b
<

4
◦.

H
i
is

on
left

and
C
O

on
right.

3
Interstellar

em
ission

m
odels

T
o
dem

onstrate
the

effects
these

new
gas

distributions
have

on
IE

M
s
w
e

incorporate
them

into
the

G
A

LP
R
O

P
code

[14,4].
T
he

gas
distributions

in
G

A
LP

R
O

P
are

used
for

the
calculation

of
energy

losses
and

the
pro-

duction
of

secondary
particles

w
hile

the
final

γ-ray
intensity

m
aps

are
scaled

such
that

the
colum

n
density

ofeach
line

ofsight
m
atches

that
es-

tim
ated

from
the

line
surveys.

T
he

change
in

gas
distributions

therefore
only

affects
the

C
R

part
ofthe

IE
M
,the

gas
colum

n
density

is
corrected

to
m
atch

the
observations.

For
sim

plification
w
e
only

consider
here

a
diffusive

re-acceleration
m
odel

w
ith

a
hom

ogeneous
and

isotropic
diffu-

sion
w
ith

the
C
R

sources
distributed

concentrated
in

spiral
arm

s
using

the
SA

100
m
odelfrom

[4].
T
he

C
R

source
distribution

is
com

bined
w
ith

the
old

2D
gas

distributions
from

G
A

LP
R
O

P
and

the
new

3D
gas

dis-
tributions

resulting
in

tw
o
new

m
odels.

T
hese

m
odels

are
com

pared
to

a
m
odel

having
the

2D
C
R

source
distribution

SA
0
and

the
old

2D
gas

distribution.
T
he

C
R

propagation
param

eters
are

tuned
to

m
atch

observations
of

secondary
C
R
s
w
hose

predictions
depends

on
both

the
gas

and
C
R

source
distribution.

T
o
have

a
consistent

com
parison,the

propagation
param

e-
ters

of
each

of
the

3
m
odels

is
tuned

to
the

sam
e
C
R

data.
T
he

new
gas

distributions
have

a
large

effect
on

the
propagation

param
eters,reducing



the
diffusion

coeffi
cient

and
the

A
lfvén

speed
by

a
factor

of
∼

2.
T
his

is
because

the
integrated

colum
n
density

ofthe
new

distributions
around

the
location

of
the

sun
is

sm
aller

by
about

a
factor

of
2
resulting

in
less

production
of

secondaries
that

is
com

pensated
for

by
having

slow
er

dif-
fusion.

T
he

energy
losses

of
the

C
R
s
are

also
affected

and
the

estim
ated

param
eters

for
solar

m
odulation

and
low

energy
C
R

injection
are

affected
by

the
change

in
gas

distribution.
T
he

effect
on

the
interstellar

em
ission

is
illustrated

in
figure

3
that

show
s
the

ratio
of

the
total

γ-ray
intensity

of
the

m
odels

em
ploying

the
SA

100
C
R

source
distribution

to
the

reference
m
odelw

ith
the

SA
0
distri-

bution.
T
he

3D
C
R

source
distribution

results
in

a
doughnut

like
excess

centred
on

the
G
C

that
is

caused
by

a
general

increase
in

C
R

flux
in

the
inner

G
alaxy

com
bined

w
ith

lack
of

C
R

sources
near

the
G
C
.
T
he

reduced
diffusion

in
the

m
odel

w
ith

the
new

gas
distribution

results
in

a
m
ore

confined
excess

around
the

plane
and

less
em

ission
in

the
outer

G
alaxy.

T
he

increased
em

ission
at

low
energies

is
a
result

of
the

change
in

m
odulation

during
the

tuning
of

the
propagation

param
eters.

G
A

LP
R
O

P
developm

ent
is

partially
funded

via
N
A
SA

grants
N
N
X
13A

C
47G

and
N
N
X
17A

B
48G

.Som
e
ofthe

results
in

this
paper

have
been

derived
using

the
H
E
A
LP

ix
[12]package.
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F
igure

3:
Fractional

residuals
for

the
total

γ-ray
intensity

(π
0-decay,

B
rem

sstrahlung,
and

IC
)
at

30
M
eV

,
1.0

G
eV

,
and

100
G
eV

energies
(top

to
bottom

,respectively)
for

SA
100-2D

gas
(left)

and
SA

100-3D
gas

(right)
com

pared
to

2D
C
R

and
gas

reference
m
odel.

T
he

m
aps

are
in

G
alactic

coordinates
w
ith

l,b
=

0
◦,0

◦
at

the
centre

w
ith

l
increasing

to
the

left.
T
he

longitude
m
eridians

have
45

◦
spacing

and
latitude

parallels
have

30
◦
spacing.


