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Summary. The correlation between diffuse galactic y-rays and
gas tracers is studied using the final COS-B database and H 1 and
CO surveys covering the entire galactic plane. A good quantitat-
ive fit to the y-rays is obtained, with a small gradient in the y-ray
emissivity per hydrogen atom. The average ratio of H, column
density to integrated CO temperature is determined, the best
estimate being 2.3+ 0.3 102° molecules cm ~2 (K kms~!)~!. (This
value is an upper limit if a population of unresolved y-ray sources
exists with an angular distribution similar to that of the molecular
gas, or if the cosmic-ray density is enhanced in molecular clouds).
The corresponding mass of molecular hydrogen in the inner
Galaxy, derived using both 1st and 4th quadrants, is 1.0 10° M.

It is shown on a statistical basis that the softer y-ray spectrum
towards the inner Galaxy found in previous work can be at-
tributed to a steeper emissivity gradient at low energies and/or to
a softer y-ray spectrum of the emission distributed like molecular
gas. Our statistical tests suggest the latter is probably the better
model. A steeper emissivity gradient at low energies could be
related to cosmic-ray spectral variations in the Galaxy, to differ-
ent distributions of cosmic-ray electrons and nuclei, or to a
contribution from discrete sources. A softer spectrum for the
emission associated with molecular clouds may be physically
related to the clouds themselves (i.e. cosmic-ray spectral vari-
ations) or to an associated discrete source distribution.

Key words: COS-B — gamma rays — cosmic rays — interstellar
clouds

1. Introduction

The good quantitative correlation between galactic y-rays and
gas tracers (H1 and CO emission) in the Galaxy is the main
evidence that interactions of cosmic rays with interstellar gas are
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responsible for most of the diffuse galactic y-ray emission for
energies between 100 MeV and a few GeV. Prior to 1982 it was
impossible fully to exploit this correlation for lack of adequate
coverage (in particular in latitude) in the CO surveys, necessary
because of the relatively low angular resolution of y-ray tele-
scopes. The situation improved dramatically with the availability
of the first large-scale ‘superbeam’ surveys in CO from the
Columbia 1.2 m telescope, since they provide complete sampling
over a large enough latitude range to allow a reliable comparison
with the y-ray data.

Lebrun et al. (1983) used Columbia CO data (Dame, 1983,
Dame and Thaddeus, 1985) and H 1 data to analyse the y-ray
emission observed by COS-B above 300 MeV in the first galactic
quadrant and to place limits on the CO-to-H, conversion factor.
In this analysis the density of cosmic rays (in this energy range
mainly nucleons are involved) was assumed to be uniform in the
Galaxy.

In papers I and II of the present series (Bloemen et al., 1984a,
b) the correlation between the H 1and y-ray distributions beyond
the solar circle (2nd and 3rd quadrants) was studied, ignoring
molecular gas. The analysis of Paper III (Bloemen et al., 1986; see
also Bloemen, 1985) used low-latitude COS-B data taken from
the first 55 (out of 65) observation periods together with the 1st
and 2nd quadrant and Carina Columbia CO surveys, and various
H 1 surveys. The latitude range used, —4.5° <b < 6.5°, has essen-
tially complete CO coverage in these quadrants. The gas surveys
were first divided into galacto-centric distance bins using the
rotation curves of Gordon and Burton (1976) and Blitz et al.
(1980), as modified by Kulkarni et al. (1982); the bins chosen were
2-8, 8-10, 10-15 and > 15 kpc. The analysis was done in three
energy ranges and allowed for spatial variations in y-ray
emissivity.

In Paper III the main result was the determination of the y-ray
emissivity gradients in the three energy ranges, the establishment
of the requirement for an energy-dependent model, and the
derivation of a value for the CO-to-H, conversion factor together
with a new estimate for the mass of molecular hydrogen in the

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1988A%26A...207....1S&amp;db_key=AST

FTI8BARA = C207- -2

2

inner Galaxy. The emissivity gradients were found to be sur-
prisingly small, especially at high energies (>300 MeV), when
compared to the distribution of candidate cosmic-ray sources in
the Galaxy.

Several developments have now made it possible to improve
the analysis of Paper III. These include the availability of the total
COS-B database with its final calibration and the updating of the
CO database to include the 3rd and 4th quadrants, a new 1st
quadrant survey and various other new surveys from the
Columbia telescopes. The new CO surveys, as well as covering the
entire longitude range, now allow the analysis of a greater latitude
range than before. In addition the fitting and error analysis has
been refined to allow the rapid appraisal of models even when the
number of parameters is large.

An important and independent indication that the underlying
assumption is correct, viz, that the bulk of the y-ray emission
originates in interactions of cosmic rays with gas, is provided by
the observation of y-rays from the Orion cloud complex (Bloemen
et al., 1984c). The derived ratio of molecular hydrogen column
density to integrated CO brightness temperature was 2.6
+1.210%° molecules cm~2 (K km s~ ')~ !, which is in agreement
with the large-scale analysis (see Sect. 4) and indicates that y-ray
sources are not playing a major role. Similarly studies at inter-
mediate latitudes (Strong et al., 1982a; Strong, 1985a; Strong et
al., 1985) show that most of the emission can be explained as the
sum of emission from atomic and molecular gas (plus a small
inverse Compton component).

2. Method

The method is the same as in Paper II1; it consists of fitting the
y-ray data to the function:

=% a2 Weo )+ icTie 15+ Sk M
i

where g; is the y-ray emissivity in the ’th ring, Ny, ; is the column
density of atomic hydrogen, W ; is the velocity-integrated CO
brightness temperature, Y is the apparent y-ray value for the
conversion factor from CO integrated temperature to H, column
density, (assuming that g; applies equally to atomic and molecular
gas), ficlic is the inverse-Compton emission, I3 is an isotropic
background (cosmic + instrumental) corrected for temporal and
angular variations (see Strong et al., 1987 for details), f; is the flux
of the k’th point source included in the model, I is the distribution
for a source of unit strength situated at the k’th source. The tilde
indicates the convolution with the COS-B point-spread function,
which is quite accurately known from pre-launch calibrations
and studies of the Vela pulsar (see Mayer-Hasselwander, 1985).
The free parameters of the model are, for each energy range:
dii=1-6> Y> fics 15 and f y=1-a-

The galactocentric rings chosen for the present analysis were:
2-4,4-8,8-10, 10-12, 12-15 and > 15 kpc (we take Ry =10 kpc).
This choice is a compromise between the known limitations
(statistics and angular resolution) of the y-ray data and the
requirement to resolve variations in the inner Galaxy. The choice
of the 4-8 kpc ring is based on our wish to separate the main
concentration of molecular gas in the inner Galaxy.

The basic assumption characteristic of this method is that the
y-ray emissivity is a function of radius only; no attempt is made
explicitly to resolve non-axisymmetric structure in the emissivity
distribution (e.g. related to spiral arms) or to distinguish

arm/interarm emissivity contrasts. However if contrasts are pre-
sent, they will still be covered to some extent by the model via the
YWeo,; term, since the CO is at least in part a tracer of spiral
structure. In this case the value of Y derived from y-rays will of
course include the cosmic-ray contrast, and therefore be an
overestimate of the true Ny,/W,,, ratio factor, which we denote
by ‘X’. The relation of Y to X is further discussed in Sect. 4.

Equation (1) is valid for each energy range separately, but we
have to study also cases where all energy ranges are considered
together, in order to investigate models with energy-independent
parameters. For example we treat the case of energy-independent
shape for gq(R) and energy independent Y by making fits to the
three ranges simultaneously. The number of parameters to be
determined then becomes quite large but the fitting routines are
sufficiently robust to locate the maximum likelihood solution in
about 20 iterations.

The inverse Compton emission was calculated using the
model described in Strong (1985a). Although this estimate differs
slightly from that used in Paper III, this has a small effect, and in
any case the absolute level is determined via the free parameter
fic derived from fits to the y-ray data.

The four most intense y-ray sources were explicitly included in
the model via the final term. The sources are: the Vela pulsar, the
Crab pulsar, Geminga (2CG195+4) and CG78+01. Note that
the fluxes of these sources are free parameters, and in fact the
resulting spectra are a useful by-product of this analysis.

The error analysis is performed using the information matrix
technique described by Strong (1985b). The theoretical basis of
the likelihood ratio method used is described in Paper III, and a
detailed treatment can be found in Kendall and Stuart (1973), (Ch.
24). Here we use the notation: 4N =number of parameters of
model relative to the general model, 4 In L=log-likelihood of
model relative to general model. Then —2 4 In L is distributed as
x%in- We define 2 as the probability of obtaining a value of
—2AIn L greater than that observed, for a given model. The
‘significance’ is then 1—2. This method is a formally exact
treatment of the statistical problem once the model has been
defined. The ‘general model’ as given by Eq. (1) is found to be
good enough to reproduce the observations as well as could be
expected given the quality of the data, and so is probably
sufficient for the purposes of the likelihood method, which
requires that the ‘general model’ actually is the ‘true’ model for
some particular set of values of the parameters (Kendall and
Stuart, 1973, Ch. 23). Actually we may have rather more par-
ameters than are strictly necessary to get a satisfactory fit;
however this in no way affects the validity of the tests made with
respect to this model.

The fits were done principally for |b|<9.5° since the CO
coverage is almost complete in this range. Since however the
convolution means that coverage beyond this range is strictly
necessary, most of the fits were also done with |b| < 5.5° to check
for differences. In this range the coverage is complete for the
convolution but the statistics and dynamical range are smaller.
Additional runs with 10°</<270° and 90° <! <350° were done
to check for differences between the 1st and 4th quadrants.

3. Data
3.1. Gamma rays

The final COS-B database (Mayer-Hasselwander, 1985) contains
a total of 65 observations, of which 55 include regions near
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enough to the galactic plane to be of interest to be used in the
present analysis. The baseline instrumental response as deter-
mined from pre-launch accelerator calibration is given by Mayer-
Hasselwander (1985). The relative sensitivity of the instrument for
these observations as well as the variations in background with
time during the COS-B mission was determined by Strong et al.
(1987). The method by which skymaps (consisting of counts and
effective exposure) are constructed from the database is described
by Strong et al. (1987). The maps used are those included with the
final COS-B database. These assume an input spectrum of E ™~ !-83
for the exposure calculation; expected variations from this value
have negligible effect on the exposure.

3.2. H I surveys

The 21-cm line surveys of Weaver and Williams (1973;
10° $1<5250°) and Kerr et al. (1986; 240° <1.<5350°), and part of
the survey of Strong et al. (1982b; 350° <1< 10°), were used to
obtain H 1 column densities for |b| <10°. At |b| 2 10°, the survey
of Heiles and Habing (1974) was used for the northern sky (6 2
—30°) and that of Heiles and Clearly (1979) for the southern sky.
The surveys were first corrected to obtain the brightness tempera-
ture and then column densities were derived assuming a uniform
spin temperature of 125 K, as described in Papers I and II. The
construction of column density maps for separate galacto-centric
rings is described in Paper III.

Maps of the total H1 column density from these data are
shown in Fig. 1(a), convolved with the COS-B point-spread
function in the three energy ranges.

3.3. CO surveys

The CO (J = 1-0) data base used for our analysis is a composite of
several surveys carried out over the last five years with the
Columbia 1.2 m telescopes in New York City and on Cerro
Tololo in Chile, and includes basically all the data in the large-
scale panorama presented by Dame et al. (1987). The combined
survey covers the entire galactic plane and is essentially complete
up to |b|~7° (particularly for the 1st and 4th galactic quadrants),
with several large extensions to higher latitudes. The spatial
resolution is 0.5°, The construction of velocity-integrated CO
maps for separate galacto-centric rings is described in Paper II1.

Maps of the integrated CO temperature are shown in
Fig. 1(b), convolved with the COS-B point-spread functien in the
three energy ranges.

4, Discussion of fitting results

Table 1 summarizes the fits performed, and Table 2 summarizes
the resulting parameters, the log-likelihood values and the error
estimates as determined from the information matrix. Table 3
gives the fitted intensities of the four point sources included in the
model. In the following discussion the reader should refer to these
tables for details. Note that the galactic centre region
350° <1< 10° was excluded in all fits, for the reasons discussed in
Sect. 5.

4.1. General

A general statement can be made that, within the quoted un-
certainties, the parameter values are consistent for different

3

choices of the fitting region both in latitude (|b| <9.5° or |b| < 5.5°,
cases 1 and 1b)) and longitude (10°<!<350° 10°<1<270°,
90° <1< 350° cases IN and 1S).

A systematic effect can however be seen comparing the
analysis using the separate regions (case 1N and 1S) with that for
the total (case 1): the separate regions give a larger q(R) gradient
and a correspondingly lower Y value. This effect is most marked
in the 70-150 MeV range, and may be related to the fact that
when the separate regions are used, less weight is given to the
inner Galaxy in the fits (which always include the whole
90° <1< 270° region). This effect is discussed later. It seems most
natural to give equal weight to the inner and outer Galaxy and to
use all the data together. Therefore in what follows we shall
concentrate on the results from the total region (|b]<9.5°,
10° <1< 350°).

4.2. Inverse Compton emission

Since the estimate of this component is based on a model whose
input (radiation fields and the cosmic ray electron spectrum) is
subject to some uncertainty, it is necessary first to test whether
our estimate is consistent with the data. Fits were made with fc
free in each energy range, corresponding to the most general case
of equation (1) (all parameters free). The result was in each case
consistent with f;c=1.0 (0.65+0.3, 1.6 +0.3, 1.1 +0.2 in the three
energy ranges).

In the subsequent analysis the value was therefore fixed at
Jfic=1.0; the effect on the other parameters of the uncertainty in fic
is negligible.

4.3. Energy-dependent models

We consider the models in order of increasing complexity,
starting from the simplest, energy independent model. The statis-
tical tests are made both against the most restricted (case 4) and
the most general (case 1) model in each case, in order to test both
whether the model is too complex or too simple considering the
number of parameters involved, using the statistic explained in
Sect. 2.

Note that testing the energy dependence of Y amounts to
considering the possibility of different spectra for the y-ray
emission distributed like H I and that distributed like CO.

4.3.1. Test of case 4

In order to check for evidence that the model requires some
energy dependence whether in the shape of the emissivity gra-
dients or the value of Y, or both, we compare case 4 with 1. Then
AlnL=11.5, AN=12 and 2=0.03. The energy dependence is
less significant than found in Paper III, which may be due to a
technical problem with the likelihood maximization in that
paper. However, it is evident that the energy-independent model
is too simple since it can be improved significantly by adding
some energy dependence.

Figure 2 shows explicitly the likelihood as a function of Y for
case 1; this is discussed later.

4.3.2. Tests of case 3

Relaxing the restriction that Y is energy independent, case 3 gives
the next model in order of complexity.
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Fig. laandb. Iilustrations of gas data used: a H 1 total column density, contour interval: 5(10%"—1) 102% atoms cm 2. b CO integrated temperature
contour interval: 5(10%'"— 1) K km s~ . Both maps are shown as convolved with the COS-B point-spread function in the three standard energy ranges
used
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Table 1. Summary of fits (blank entries indicate that the previous value applies)

Case Longitude Latitude Gradient Y r Number
range range energy energy of
(deg) (deg) dependence  dependence parameters

1 10/350 —9.5/9.5 Dep. Dep. 1.0 36

1b —5.5/5.5

IN 10/270 -9.5/9.5

1S 90/350

2 10/350 —9.5/9.5 Dep. Ind. 1.0 34

2b —5.5/5.5

3 10/350 —9.5/9.5 Ind. Dep. 1.0 26

3b —5.5/5.5

4 10/350 —-9.5/9.5 Ind. Ind. 1.0 24

4b 10/350 —5.5/5.5 Ind. Ind. 1.0 24

Ir 10/350 —9.5/9.5 Dep. Dep. 0.5-3.0 37

We can test the energy dependence of Y by comparing case 3
with 4. Then 41In L=3.6, AN =2 and 2 =0.03. There is therefore
a weak indication of an energy dependence of Y from this test.

Since the shape of g(R) remains energy independent in this
case, comparing to the general model amounts to testing for
energy dependence of g(R). Comparing case 3 with 1, we have
AlnL=8, AN=10 and #=0.1. Hence there is barely an indi-
cation of an energy dependence in the shape of g(R).

This model (case 3) is therefore both an improvement over the
totally energy independent one, and not significantly worse than
the general model.

4.3.3. Tests of case 2

The next model in order of increasing complexity comes from
relaxing instead the condition of energy independent shape for
4(R), case 2.

We can test the energy dependence of g(R) by comparing case
2 with 4. Then 4AlnL=3.3, AN=10 and 2 =0.8. There is less
evidence for an energy dependence than in the test of section 4.3.2.
Since Y remains energy independent in this case, comparing to
the general model amounts to testing for energy dependence of Y.
Comparing case 2 with 1 we have 4InL=8.2, AN=2 and
#=310"* Thus there is an indication for energy dependence of
Y, but it should be noted that the effect is actually due to a
difference between the ranges 70-150 MeV and >150 MeV.

The model studied in case 2 is therefore unsatisfactory by both
criteria: it is not an improvement over the totally energy indepen-
dent model, and is significantly worse than the general model.
Note however that the cases 2 and 3 have practically the same
value of In L, indicating that the fit is ‘equally good’ in the two
cases. The difference in the significance of the energy dependent
effects only arises from the different number of parameters in the
two models.

The nature of the low energy Y value is further studied in Sect.
4.6, where radial variations of this parameter are considered.

4.3.4. The ‘best’ model

From the results of the tests described above, case 3 is the only
one which is both an improvement on the simple energy indepen-
dent model and not significantly worse than the most general

70-150 MeV

& | 300-5000 Mev

log likelihood ratio

3 F 150-300 MeV
F
F

Y /1020 mo1l. (K km s” 1)1

Fig. 2. Log-likelihood ratio as function of Y for the three energy ranges,
and for the three ranges summed. The model and data correspond to
case 1

model. It thus qualifies for the classification ‘best’ model. As
mentioned above, the energy dependence in this model is actually
due to a difference in Y between the ranges 70-150 MeV and
> 150 MeV: Y (70-150 MeV)=(3.3+0.5) 10?° molecules cm~2
(Kkms™)™! and Y(>150 MeV)=(2.5+0.3) 102° molecules
cm~2 (Kkms™ )71 It is gratifying that this ‘best’ model is
actually rather simple, with the same shape of g(R) in each energy
range, and all the energy dependence in the parameter Y.
However the systematic effect discussed in Sect. 4.1 remains a
worry; we return to this problem in Sects. 4.6 and 4.7 where the
nature of the low-energy Y value is discussed further.

4.4. The value of the CO-to-H, conversion factor

The choice of a ‘best’ value for the ‘physical’ conversion factor
from CO integrated temperature to H, column density must
depend on how we choose to treat the fact that the fitted value of
Y in equation (1) is larger at low energies (cf. case 3). Since X is by
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Table 2a. Results of fits: parameters and log-likelihood values

Case ¢, 4, qs qq qs s I3 Y —InL —YInL
70-150 MeV
1 098 087 096 071 084 083 639 501 131822  38008.8
1b 108 103 105 077 107 111 530 438  8097.3 237722
IN 212 135 112 089 096 080 604 322 101316
1s 182 112 123 093 108 090 567 293 96424
2 162 145 123 097 106 075 586 2.60 38017.0
2b 153 146 125 096 129 108 479 280 23775.5
3 139 126 111 094 083 070 615 330 38016.7
3b 140 134 116 102 090 080 556 3.2 23779.9
4 160 140 123 104 093 079 574 270 38020.3
4b 155 147 127 111 099 089 506 270 23781.0
ir 172 129 091 067 080 085 644 550 13186.8°
054 054 100 073 086 082 635 467 13179.4°
150-300 MeV
1 128 092 074 060 059 042 260 197 124338
1b 107 079 069 056 061 044 264 245  7838.6
IN 228 117 084 068 067 041 237 141 95389
1S 360 136 081 075 070 043 229 046  9040.4
2 107 076 068 054 056 043 273 260
2b 098 072 066 052 058 044 274 280
3 088 079 070 059 052 044 264 251
3b 081 078 067 059 052 046 261 266
4 086 076 066 056 050 043 271 270
4b 081 076 066 058 051 046 262 270
Ir 197 120 071 059 059 043 261 215 1243320
300-5000 MeV
1 077 081 066 063 043 040 222 225 123927
1b 071 084 066 066 042 041 211 222 78363
IN 000 087 067 064 042 040 219 222 95752
1S 137 091 070 068 046 040 208 168  9048.5
2 069 074 063 059 041 040 229 260
2b 059 071 061 060 038 041 229 280
3 083 076 067 056 050 042 228 244
3b 078 075 065 057 050 045 214 248
4 082 071 063 053 047 040 237 270
4b 076 072 062 054 049 044 226 270
ir 129 108 064 062 042 040 222 244 12394.1°

Notes to Table 2:

21In this fit the value of r was fixed at 0.5, and the value of Y is that for R>8 kpc
®In this fit the value of r was fixed at 2.0, and the value of Y is that for R>8 kpc

Jfics= 1.0 in all fits shown here.

Units: q;: 1072 atom~'sr™'s™ 1, I3: 107> ecm ™ 2sr ™' s7%, Y: 10%° molecules cm ™2 (K km s~ 1)~ L,
Zln L refers to the summed likelihood over the three energy ranges.

definition energy-independent, there are (at least) four possible
situations:

(i) systematic effects due to the poor angular resolution for
70-150 MeV

(ii) other components (e.g. sources) with steep spectra which
also correlate with the CO distribution

(iii) effects related to cosmic-ray propagation or production
in molecular clouds

(iv) energy-dependent spiral arm/interam cosmic-ray con-
trasts

In each case it is clear that the value of Y in the low energy
range is the least reliable indicator of X. The value also depends
slightly on whether we assume an energy independent shape for
q(R) or not. Our best estimate is made using cases 1 and 3 for the
150-300 and 300-5000 MeV ranges; the value of Y ranges from
2.0 t0 2.5 102° molecules cm ™ 2(K km s ™')™ !, so we adopt X =2.3
+0.310%° molecules cm ™2 (K kms™ 1)~ %,

However, it should be kept in mind that this value is an upper
limit if a population of unresolved y-ray point sources exists with
an angular distribution similar to that of the molecular gas, or if
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Table 2b. Results of fits: error estimates for parameters (errors are for 1o)

Case ¢, q; 43 ds qs ds Iy Y
70-150 MeV
1 0.28 0.14 0.09 0.10 0.20 0.16 0.25 0.92
1b 0.35 0.20 0.11 0.13 0.26 0.21 0.53 0.92
IN 0.85 0.26 0.11 0.13 0.23 0.17 0.29 0.71
1S 0.67 0.23 0.13 0.15 0.23 0.18 0.33 0.88
2 0.42 0.07 0.05 0.09 0.21 0.17 0.21 0.25
2b 0.42 0.07 0.06 0.11 0.25 0.22 0.46 0.32
3 no error analysis 0.28 0.47
3b 0.54 0.58
4 0.26 0.33
4b 0.50 0.45
Ir 0.47 0.18 0.09 0.10 0.19 0.16 0.26 0.99
0.16 0.10 0.09 0.10 0.20 0.17 0.25 0.85
150-300 MeV
1 0.33 0.11 0.04 0.06 0.11 0.08 0.13 0.38
1b 0.31 0.13 0.06 0.07 0.12 0.10 0.26 0.55
IN 0.99 0.16 0.06 0.06 0.11 0.08 0.15 0.34
1S 1.14 0.24 0.06 0.08 0.12 0.09 0.17 0.35
2 0.24 0.04 0.02 0.04 0.10 0.08 0.10 0.25
2b 0.23 0.04 0.03 0.05 0.11 0.09 0.21 0.32
3 no error  analysis 0.14 0.33
3b 0.27 0.43
4 0.15 0.37
4b 0.27 0.45
Ir 0.45 0.11 0.04 0.06 0.11 0.08 0.13 0.39

300-5000 MeV

1 0.25 0.08 0.04 0.05 0.09 0.06 0.11 0.31
1b 0.26 0.10 0.04 0.06 0.09 0.08 0.21 0.37
IN 0.64 0.10 0.04 0.05 0.09 0.06 0.12 0.35

IN 0.41 0.12 0.05 0.06 0.09 0.07 0.14 0.38
2 0.21 0.03 0.02 0.04 0.08 0.06 0.09 0.25
2b 0.20 0.03 0.02 0.04 0.09 0.08 0.16 0.32
3 no error  analysis 0.11 0.28
3b 0.21 0.35
4 0.12 0.33
4b 0.22 0.42

Ir 0.35 0.12 0.04 0.05 0.08 0.06 0.11 0.33

Table 3. Results of fits: spectra of point sources

Energy range Source

CG78+1 Crab Geminga Vela

70-150 MeV 1.15+0.38 48 +045 2.63+04 7.72+0.61
150-300 MeV 0.76 +0.16 1.2740.17 1.2940.16 4.0640.29
300-5000 MeV  0.55+0.11 0.8240.12 1.5940.15 4.59+0.26

Units: 10~° photons cm 25~ !

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1988A%26A...207....1S&amp;db_key=AST

FTI8BARA = C207- -2

8
the cosmic-ray density is enhanced in molecular clouds. (Such an  _ Galactic Emissivity Gradient
effect would be expected e.g. in the model of Bignami and Fichtel '
(1974) in which cosmic-ray enhancements are associated with _,
spiral arms). L,
A detailed discussion on the application of X and a com- " b
parison with other determinations is given by Bloemen et al. & [t]
(1986). . Et]
L 4] 0y
2
4.5. Radial dependence of emissivity 3 t % 0
. . . . . - K
All the results in Table 2 show that g(R) is relatively insensitive to ® (1%
the choice of data or model, the differences being within the e s
. . . (0]
quoted error bars. Figure 3a shows ¢(R) in each energy range in . A )
T
a
. Galactic Emissivity Gradient E
an Lrjn L2 bt busde oo loe oo lae e b fuodead o oo o e ao g
— 0 2 4 6 8 10 12 14 16 18 20 22 24
'.; . | ¢ Galactocentric radius kpc
0
N
S Galactic Emissivity Gradient
" n
[0]
> 'T ['L_] -
- p o
> 5
) & 0
i 5
£ 5 - K
© *x
% i t 3’ 1+ 4]
B
P : by
@ 2
[} 2 PPTTITTT T PT TP PTTT TTTT CTTTY ITVY FTTTITTVITETTI Y YIY IYPPY PRTTI TTTPT IR IVT FTPTIITONT Ll e s
o 2 4 6 8 10 12 14 16 18 20 22 24 ]
a Galactocentric radius kpc >
Galactic Emissivity Gradient g
| E
[0] 4]
O L lweenepeieae e LU EGEEUEULGELLIGLLLGGLILLGL
T 0 2 4 6 8 10 12 14 16 18 20 22 24
a d Galactocentric radius kpc
]
o 0
x q] . Galactic Emissivity Gradient
> 11 1
7;* Q@ (ﬁ( ﬁ'“ 2a |
— ! 2.2
p % 4% o ek
b © C
§ ¢ © .f
% x e}
- B
2 - d
g Ty
y) -
(G} 2 bl poaeentse e e edeeuele e e e $ o E i) %
o 2 4 6 8 10 12 14 16 18 20 22 24 E :
b Galactocentric radius kpc ] e [*)
> Gt
Fig. 3a—e. Radial distribution of y-ray emissivity: a for g(R) shape and Y 2 -
energy dependent (case 1); b for g(R) shape energy independent, Y energy o 'F
dependent (case 3); ¢ for g(R) shape free, Y energy independent (case 2); E .t
d for r=0.5 (case 1r). Energy ranges indicated by symbols: squares: 3 o ottt s gt
70-150 MCV circles: 150-300 MeV stars: 300-5000 MeV. e for 0 2 4 [ 8 10 12 14 16 18 20 22 24
1.0<r<3.0 and 70-150 MeV. Squares: r=1.0, stars: r=1.4, crosses:
r=2.0, diamonds: r=3.0 € Galactocentric radius kpc

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1988A%26A...207....1S&amp;db_key=AST

FTI8BARA = C207- -2

the case of gradient and Y energy dependent (case 1).! The radial
variation is small as found in Paper III, amounting to at most a
factor 2 between the inner and outer Galaxy, and 1.5 between the
inner Galaxy and the solar circle.

Figure 3b shows ¢(R) in the case of an energy independent
shape (case 3), which is consistent with the data as shown
previously. Comparing with Fig. 3a the differences are within the
quoted errors for each case. The main difference is in the inner
Galaxy at low energies (see the discussion in Sect. 4.6). Figure 3¢
shows g(R) for the case of a free shape with energy-independent
Y(case 2). Again the main difference is in the inner Galaxy at low
energies.

The effect on g(R) of possible variations of Y with radius are
considered in the next section.

4.6. Radial variation of Y

In the models discussed so far, ¥ has been assumed independent
of galactocentric radius. Since this is not necessarily true, and
indeed claims of substantial variation have been made together
with the suggestion that this has a large effect on g(R) (Bhat et al.
1985a, b), we explicitly test the variation of Y with R against the y-
ray data. We define

r=Y(2—8kpc)/Y(>8kpc)

and repeat the fits for a range of values of r (case 1r). Figure 4
shows L(r) for the 3 energy ranges and for the > 150 MeV range.
This figure shows that the data above 150 MeV are consistent
with r=1.0 (no variation of Y with R). Since in the low energy
range Y'is not a good indicator of X, we use the two higher ranges
to determine the formal limits on r: r=0.8+0.2. Further using
these ranges we find that 4 In L (r = 0.5) = 1.5, corresponding to
2 =0.08 (1 degree of freedom) so that a factor 2 variation in Y is
improbable but not excluded.

Although this argues against an X variation as large as that
adopted by Bhat et al. (1985a, b) we show in Fig. 3d the
corresponding g(R) for r=0.5. The gradient is only slightly larger
than for r = 1.0, the difference being limited by the fact that the H 1
component is not affected by the X value. We conclude that
variations of X in the Galaxy, even if present, do not have a major
influence on our derived emissivity gradients. This may be
important since the existence of a factor 2 increase in the O/H
ratio in the inner Galaxy has recently been clearly established by
IR emission-line observations (Lester et al., 1987), although CO
intensity may not scale with CO abundance (see Kutner and
Leung, 1985; Solomon et al., 1987).

The 70-150 MeV case is somewhat different, Fig. 4 showing a
clear indication for r> 1. (The likelihood value actually continues
slowly to increase asymptotically as Y increases.)? The formal
significance is given by AInL=4.8 with AN=1, giving
P=210"3,

'Error bars in Fig. 3 are shown for 4 In L = 1.0, corresponding to
1.40. Also, Figs 3a—c all use errors from Case 1, since this reflects
better the full uncertainty.

The effect is evidently related to the energy dependence of Y
found in Sect. 4.3.3. This effect was already evident in the fits using
the Ist and 4th quadrants separately (Sect. 4.1), where more
weight is given to the anticentre and the average Y value appears
smaller than when these quadrants are both included in the fit.

F150-300 Mev

log likelihood ratio

300-5000 MeV

bt oo o oo b

0 2 4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0

Y(0-8 kpc)/Y(>8 kpc)

Fig. 4. Log-likelihood as a function of the ratio r=Y(2—8kpc)/
Y(> 8kpc) for each energy range (case 1r)

This means that in the inner rings essentially all the emission is
attributed to the CO-like component. To illustrate this, Fig. 3 (¢)
shows g(R) for the range 1.0 <r < 3.0, which is roughly the range
of uncertainty in r. As r increases, there is a decrease in the
corresponding ¢(R) in the inner Galaxy. The uncertainty in
q(2—4 kpc) and q(4—8 kpc) is clearly very large; the reason for this
is the difficulty in distinguishing the structures of the H 1 and CO
in the data after convolution with the wide 70-150 MeV COS-B
point-spread-function, which is somewhat uncertain in this en-
ergy range. Specifically, the inner Galactic disk (inside R =8 kpc)
is not resolved below 150 MeV, so that the thickness of the
predicted disk is sensitive to the adopted PSF width. A CO disk
about 1° thick convolved with a 3°5 wide PSF has the same
apparent thickness as a 2° wide H 1 disk convolved with a 3°0
wide PSF. While the sum of the H1 and CO contributions is
strongly constrained by the data, their ratio is highly uncertain in
the inner Galaxy at low energy. As long as the structures are
resolved (as is the case outside 8 kpc for 70-150 MeV and
everywhere at higher energies) the problem is minimized.

Also note that for r> 1.2, g(R) increases with R in the inner
Galaxy for 70-150 MeV; although not impossible a priori it does
seem very unlikely that such a sharp change in behaviour with
respect to the higher energy ranges occurs. If we insist that q(R)
does not increase with R, then we find that r <1.2, i.e., consistent
with higher energies. We therefore adopt the assumption that
r=1.0 in drawing conclusions in this paper.

Under this assumption we are left with the conclusion that Y
is larger in the 70-150 MeV range. The preferred model is then
case 3 (shape of q(R) energy independent), with ¥ (70—150 MeV)
=3.340.510%° molecules cm (K km s~ 1)~ !,

4.7. Again, the ‘best’ model

Although we are still left with the conclusion that case 3 (with
r=1.0) is the preferred model after the test in the previous section,
we have lost some confidence in this model. The reason is the
finding in Sect. 4.6 of a formally high significance for an effect (an
increase in g(R) with R for 70-150 MeV) which can almost
certainly be excluded on physical grounds. This may indicate an
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incompleteness of the model for the low energy range, but it is
hard to improve on it because of the wide COS-B point-spread
function in this range. Another indication of the same problem is
the systematic difference (see Sect. 4.1) between the fits using the
Ist and 4th quadrants separately and the fit including both
quadrants. In summary: although our tests indicate that an
energy-dependent Y is preferred to an energy-dependent shape of
q(R), we have indications that the energy dependence may in fact
be due to another effect not encompassed by our model.

5. Comparison of model with the observations

It is neither possible nor desirable to show the comparison of the
data with each of the model fits listed in Table 2, so the ‘best’
model (in the sense of Sect. 4.3.4) is chosen, corresponding to an
energy independent shape of g(R) (case 3).

Figure 5 shows longitude distributions for |b| <5°5. The four
fitted point sources are included in the plot. In this presentation
the other cases appear almost indistinguishable from this one.
Considering that systematic uncertainties in exposure can lead to
fluctuations of up to 10% on top of the statistical noise, the fits are
generally quite satisfactory, and show that the model is adequate
to account for the bulk of the diffuse emission along the entire
galactic plane.

Towards the inner Galaxy, |/|<60°, H1 and H, produce
approximately equal contributions to the y-ray intensity, indi-
cating approximate equality of the mass in these components.

Arm-interam contrasts in emissivity are not explicitly in-
cluded in our fit, and there is no indication that they are required
by the data. However note that to some extent the model can
adjust to such contrasts via the Y term, since the CO is at least in
part a tracer of spiral structure.

Despite the general good agreement there are some significant
deviations deserving attention. Most prominent is the galactic
centre region, |/| < 10°, which is well known to deviate strongly
from the behaviour along the rest of the galactic plane (Blitz et al.,
1985; Bania, 1986; Stacy et al., 1987), and which was not included
in the present fits for this reason. Stacy et al. (1987) have recently
shown that this discrepancy may be accounted for by wide-line
molecular clouds in the vicinity of the galactic centre.

Also prominent are the excesses in 330°</<345° for
>300 MeV. These are approximately coincident with the posit-
ions of the sources 2CG333 and 2CG342 (Swanenburg et al.
1981). There are corresponding peaks at lower energies, but they
are much less evident in the longitude plots, consistent with the
hard spectrum found by Swanenburg et al. Also noticeable is the
excess around 2CG235+1 and in the Carina region
(280° <1< 290°). A significant dip visible at all energies around
60° <1< 70° corresponds to a well-known interarm region and
may be the only hint in favour of an arm-interarm emissivity
contrast.

Figure 6 shows latitude profiles of predicted and observed
y-rays for the inner (300°</<60°) and outer (60°<I<300°)
Galaxy. The agreement is satisfactory, except that there seems to
be an excess relative to the model for |b| > 10° (this latitude range
was not included in the fits).

6. Comparison with local emissivities from intermediate latitudes

The average emissivity in the distance range 8 <R <12 kpc from
the present work can be compared with the independent estimates

of the local value within a few hundred parsecs using y-ray,
galaxy count and gas data at intermediate latitudes
(10°<|b|<20°). Strong et al. (1985) derived the values (1.10
+0.14,0.76 +0.09, 0.68 + 0.09) 10~ 2¢ st~ ! s~ ! for the same three
energy ranges as used here. By comparison the present values for
8 <R<12kpc are, taking case 3 as representative, (1.02+40.10,
0.65+0.06, 0.62 +0.06) in the same units. The agreement (within
the quoted errors) is remarkable given the very different latitude
range and survey data used, and known problems with the
galaxy counts calibration (see Lebrun, 1986).

7. The mass of molecular hydrogen in the inner Galaxy

As noted in Sect. 5, Fig. 5 shows that the contributions to the y-
ray emission from H1 and H, are about equal in the inner
Galaxy, and this immediately leads to My, ~ My,. Henderson et
al. (1982) find My, =0.910° M, in the inner Galaxy.

In Paper III the value for the total mass of the molecular
hydrogen in the inner Galaxy (2-10 kpc) was found to be
~10° M,,; this assumed however that the first and fourth quad-
rants are fully symmetric. Bronfman et al. (1988) did not make this
assumption and derived 1.210° M, from a combination of the
Northern and Southern hemisphere Columbia data and applying
the X-value obtained in Paper III. Scaling to the X-value
obtained here gives 1.0 10° M. Again, for the reasons mentioned
in Sect. 4.4, this value should in fact be regarded as an upper limit.
Further discussion on this point and a comparison with previous
determinations is given by Bloemen et al. (1986).

8. Comparison with Papers I-1II

Since this is the fourth paper in a series addressing the same
general theme, it is important to point out and resolve any
differences in conclusions between this and earlier papers. Papers
I and II were concerned only with the outer Galaxy and
longitudes 90° <1< 270° and used only total H 1 column densit-
ies. Paper I concluded that the emissivity gradient is undetectable
in the outer Galaxy above 300 MeV, but significant for
70-150 MeV. Paper II came to a similar conclusion using three
galactocentric rings (10-12, 12-15 and > 15 kpc). The present
work confirms the small gradient at high energy, but finds no
detectable energy dependence of the gradient, even in the outer
Galaxy. Reference to Paper I shows that the conclusion was
based on a local value for q(70-150 MeV) from early y-ray-
Galaxy count correlation studies (Strong et al., 1982a); sub-
sequent analyses have reduced the local g-value, so that the anti-
centre gradient is correspondingly reduced, and is consistent with
the present paper. In Paper II the effect found was not extremely
significant, and the limits on the gradient are fully consistent with
the present analysis. In any case the neglect of molecular
hydrogen in Papers I and II means that these analyses are
superseded by the present one.

In Paper III the first three galactic quadrants and the Carina
region were used, and the analysis principle was the same as in
this paper. It was concluded that Y is energy-independent to
within the accuracy of the analysis, while the shape of q(R) was
found to depend on energy. This was then interpreted as a steeper
gradient for cosmic-ray electrons compared to nuclei. The present
paper confirms the small gradient at high energies, but ascribes
the energy-dependence instead of to the Y-value, although there
may be some incompleteness in our model (Sect. 4.7).
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Fig. 5. Longitude distributions of predicted
and observed y-ray intensity, averaged over
|b| <5.5°. The model corresponds to energy in-
dependent shape of emissivity gradients (case 3),
but appears almost identical in this presentation
for the other cases. Vertical bars: y-ray intensities
measured by COS-B: = 10 error bars. Continu-
ous lines: predicted y-ray intensities as follows:
lower line: inverse Compton emission, middle
line: emission from H 1, upper line: total model,
including H1, H,, inverse Compton and four
point sources. All predictions include the fitted
isotropic background (celestial + instrumental)
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Fig. 6a and b. Latitude distributions of predicted
and observed y-ray intensity. a 300° </<60°,
omitting 350° </ <10°. b 60° << 300°. Predic-
tions as described in the caption to Fig. 5
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There are therefore some differences in the conclusions of
Papers III and IV which require comment. In Paper III the
evidence for the energy-dependent gradient was not overwhelm-
ing, and the energy-dependent Y was stated as also acceptable.
There is therefore no real inconsistency between the two analyses;
the better data and treatment has simply produced a more
reliable result. The improvements include the extension of the CO
surveys to include the entire southern Galaxy, as well as extensive
upgrading and filling-in for many other regions. Also, the final
COS-B database with its additional observations and final cor-
rections has been used. Further, the analysis has improved
technically with fully automated minimization and error calcu-
lation for the very many parameters involved.

For all these reasons, we regard the present analysis being the
most reliable up to the present time.

9. Comparison with other results
9.1. The ‘Durham’ analyses

The Durham group have published many results on the topic
studied here (e.g. Bhat et al, 1985a,b, 1986). Although their
findings are not drastically different from ours, there is some
discrepancy, at least in the conclusions. This is largely a result of
the difference in philosophy between our approach and that of the
Durham group. We determine Y and g(R) simultaneously from
the large-scale y-ray-gas correlation study (via the different
spatial structures of H1 and CO in selected galactic rings)
whereas the Durham group generally uses non-y-ray estimates of
X and then sets Y=X in order to determine g(R). A detailed
comparison of the methods is given by Bloemen (1988).

They find a lower Y value for some local clouds, and this
was considered as support for their independent (non-y-ray)
estimates. The most recent value derived by this group (Bhat et
al,, 1986) is X =1.510%° molecules cm ™ 2(K kms™!)~! locally,
falling with decreasing R. Their local value is thus barely con-
sistent with ours; further, their implied inner Galaxy value of
0.8 102° molecules cm ™2 (K km s~ ')~ ! is inconsistent with our
value discussed in Sect. 4.4 (see Fig. 2), even considering our case
where Y is a function of R. Note however that when in a later
work (Szabelski et al., 1987) they use as input to a y-ray analysis a
value of 2.0 102° molecules cm 2 (K km s~ !)~*, which is con-
sistent with our value, this leads to emissivity gradients similar to
ours.

9.2. The ‘Great Ring’

The emissivity gradients derived here can be compared with the
results of Harding and Stecker (1985). They claim a large peak in
q(R) for 3.5< R <5.5 kpc for the 4th quadrant, based on COS-B
data >100 MeV and >300 MeV. Figure 5 shows however that
we get an excellent fit to the data > 150 MeV with no such peak in
q(R). The large peak found by Harding and Stecker appears to
originate from the effect on their unfolding procedure of the sharp
edge in the longitudinal y-ray distribution at /=330°, which is due
at least in part to discrete sources in this region as described in
Sect. 5. The fact that the excess in this region is not present in the
two lower energy ranges argues against attributing it to enhanced
emissivity in the ‘5 kpc ring’. The result of Harding and Stecker
may be attributed to their use of integrated |b| < 10° y-ray profiles
without considering the latitude information, and the absence of a
treatment of the instrumental resolution in their analysis.

10. Conclusions

The diffuse galactic y-ray emission in the range 70-5000 MeV is
well represented by the sum of contributions from atomic and
molecular hydrogen with a small inverse-Compton component.
The required emissivity gradient is small, with a maximum
variation from the solar circle to the inner Galaxy of a factor 2.
The gradient is much smaller than that of the distribution of
supernova remnants or pulsars. Therefore the arguments some-
times made invoking the y-ray gradient as direct support for
cosmic-ray origin in such objects cannot be substantiated;
cosmic-ray propagation effects have to be taken into account.

Our ‘best model’ is one in which Y is energy dependent, while
the shape of the emissivity variation is energy independent. The
steeper y-ray spectrum towards the inner Galaxy is then accoun-
ted for by a Y-value increasing at low energies by about 40%.
Although an energy dependent emissivity variation can also fit
the data, our statistical tests indicate that it is less satisfactory
when the number of degrees of freedom are taken into account.
The energy dependence of Y leads us to doubt the reliability of Y
as a measure of X in the 70-150 MeV range, and hence we use the
fits for >150 MeV for our ‘best value’ of X: 2.3+0.310%°
molecules cm ™2 (K km s~ ')~ 1. This leads to an estimate for the
mass of molecular hydrogen in the inner Galaxy of 1.0 10° M, in
good agreement with our previous estimates and now based on
the CO surveys of both the northern and southern Galaxy.

The energy dependence of Y is an interesting result perhaps
related to physical processes associated with cosmic-ray propaga-
tion in molecular clouds, such as production of secondary
electrons. Alternatively, steep-spectrum y-ray sources spatially
correlated with clouds would give a similar effect.

Finally, it can be noted that the energy-dependence of ¥ may
be an artifact if our model is incomplete. In particular, cosmic-ray
spectral variations as a function of distance from the galactic
plane are not included in our model and would have a compli-
cating effect. Indications for such variations have been found in
independent studies of the COS-B data and radio-continuum
data at 408 and 1420 MHz (Reich and Reich, 1988; Bloemen et al.,
1988).
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