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Figure 7.3: (left) HI emissivity versus the estimated N(H2). The red line is the expected
(1/qHI) behavior, and the dashed line represents the median HI emissivity. (right) The
distribution of H2 emissivities.

and qH I . Neither the CO nor the dark gas emissivities show the same trend. For example,

qCO shows no correlation with N(H2 ), XCO, or WCO .

Figure 7.3 also shows the distribution of N(H2 ) for all the clouds. The molecular column

density peaks around 3.8×1020 cm−2 to 6.3×1020 cm−2, which shows that the clouds in this

survey are mostly small.

7.3 TS Values

In the following section, we will summarize the model definitions in Table 7.2. Table 7.3

lists the TS values for each model compared to the baseline model CODG. Each model

was fit separately to the data. The significance of gamma-ray emission from both CO and

dark gas is given as TSH2 by comparing model CODG to HI. The significance of gamma-

ray emission from the dark gas template is given as TSDG by comparing model CODG to

CO. The significance of gamma-rays from CO-emitting gas is given as TSCO by comparing

model CODG to model DG. Determining whether any gamma-ray emission comes from an
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Table 7.2: Model Definitions

Model Name Included Excluded Notes
CODG H I , CO, DG · · · · · ·
HI H I CO, DG · · ·
CO H I , CO DG · · ·
DG H I , DG CO · · ·
PS H I CO, DG Point source added.a

CODGPS H I , CO, DG · · · Point source added.a

nocld H I , CO, DG · · · Cloud removed from CO, DG.b

Description of the gamma-ray models analyzed and the ISM components included and
excluded from each model; DG is the dark gas template.
a Point source added at location of CO peak within the cloud.
b Only CO emitting region of cloud removed from dark gas template.

extended source is given as TSEX by comparing model CODG to model PS. We test for

contributions due to a background point source, presumably an AGN, given as TSAGN, by

comparing model CODG with model CODGPS. Finally, TSCLD shows the significance of

the molecular emission from the target cloud alone by comparing model nocld with model

CODG. The two models compared are illustrated in Figure 6.6. The figure shows that the

WCO emission has been removed from the target cloud for the nocld model. The same

region is also removed from the AV,res template. TSnocld represents the significance of the

gamma-ray emission from only the target cloud. A TS > 25 indicates a significant difference

between the two models tested.

In the control region, TSH2 = 1, indicating that we do not detect gamma-rays from

gas traced by CO or dark gas. A number of clouds have low TSH2 value, indicating little

to no gamma-ray emission from molecular gas, e.g., the group near Cloud 21. There are

also a number of regions where TSCO > TSDG, regions where TSCO < TSDG, and regions

where the two are comparable. Examples for each include Cloud 48, Cloud 71, and Cloud

83 respectively.

The majority of clouds (84) are significantly detected. Most clouds have TS ≈ 1000.
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Table 7.3: TS Values for Each Cloud

Cld Num l b TSH2 TSCO TSDG TSCLD TSEX TSAGN

1 4.2 35.5 1560 175 380 666 1210 33
2 5.6 36.5 1379 146 323 642 796 12
3 9.9 -28.4 466 9 366 15 438 79
4 11.6 36.3 758 13 346 14 750 18
5 36.4 -57.3 0 0 0 0 5 5
6 37.9 44.5 77 0 47 21 3 13
7 45.0 -36.4 7 6 0 7 1 34
8 56.9 -44.2 86 3 47 14 63 0
9 61.1 -34.1 5 0 3 1 0 2
10 66.8 -28.4 46 0 38 2 35 3
11 69.8 -30.8 31 3 16 0 27 28
12 71.8 -42.8 95 3 38 5 67 20
13 74.2 -49.0 56 2 24 0 55 42
14 90.8 38.2 19 1 7 9 18 52
15 91.6 -37.8 399 132 102 285 388 5
16 92.0 -30.4 898 76 240 27 882 6
17 92.7 36.5 22 1 7 6 22 54
18 93.9 -32.0 784 102 267 421 696 1
19 96.7 -29.7 873 23 441 0 870 53
20 101.9 -27.7 684 1 296 5 659 31
21 102.3 -60.2 4 0 4 0 70 45
22 102.3 -56.3 1 0 1 0 3 26
23 102.6 -28.9 649 0 362 3 639 10
24 103.2 -26.3 532 11 211 10 512 20
25 103.8 -39.2 87 0 54 1 68 1
26 103.8 -31.5 508 0 361 5 490 5
27 105.9 -38.5 93 8 33 7 74 19
28 108.7 -52.2 112 31 20 67 8 · · ·
29 109.5 -37.9 207 12 86 10 187 8
30 116.3 -44.8 77 1 58 1 72 3
31 117.6 -52.6 157 0 121 0 149 0
32 119.0 27.9 3000 1963 793 27 2994 48
33 122.5 30.5 3013 1279 770 9 2954 46
34 126.3 32.7 1933 410 573 28 1923 54
35 127.3 -69.9 16 4 9 7 12 0
36 131.4 -46.1 215 4 133 21 187 29
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Table 7.3: TS Values for Each Cloud
Cld Num l b TSH2 TSCO TSDG TSCLD TSEX TSAGN

37 134.7 -45.0 226 0 226 6 192 311
38 136.7 -68.5 29 8 3 19 26 27
39 142.0 35.3 464 13 256 16 421 73
40 143.0 38.3 395 28 190 87 326 126
41 145.6 -49.7 26 15 3 18 19 22
42 145.8 -39.3 91 0 86 0 86 156
43 146.8 40.5 529 529 432 6534 458 304
44 148.4 -49.8 29 13 8 2 29 9
45 148.4 -48.7 46 20 15 1 44 9
46 148.4 38.3 292 65 100 31 258 96
47 151.3 -38.4 1008 145 390 18 966 77
48 152.1 -25.3 7870 2206 122 2 7870 23
49 153.5 36.6 481 53 253 102 402 37
50 156.6 -45.1 175 0 151 0 172 30
51 158.1 -33.5 1616 277 152 1241 1239 153
52 159.9 -30.9 1665 469 58 0 1660 47
53 160.4 -35.3 1035 66 195 7 940 66
54 161.5 -35.9 956 59 232 13 939 72
55 161.6 -28.5 2916 1021 182 261 2916 38
56 163.4 -28.0 3327 948 137 0 3327 37
57 163.5 -43.5 451 80 308 0 451 13
58 164.8 -25.7 9377 2413 113 71 9377 37
59 166.4 -44.6 387 136 209 591 325 14
60 167.4 -26.3 2186 1294 245 21 2138 60
61 167.6 -44.2 635 103 355 19 618 8
62 167.6 -38.0 912 153 397 14 896 5
63 169.1 -45.7 293 112 83 0 281 8
64 170.3 -42.8 884 136 399 702 841 17
65 171.2 -35.9 962 183 257 43 836 150
66 171.5 -37.6 1031 244 293 341 665 121
67 172.1 -40.2 974 243 276 7 919 147
68 172.8 -36.4 852 228 186 382 750 70
69 173.3 -40.0 751 254 147 29 701 78
70 173.6 -41.6 590 198 124 32 561 4
71 175.2 -25.1 4507 1596 1752 1 4507 97
72 175.4 -38.8 392 223 22 3 386 40
73 177.3 -38.9 202 35 35 4 201 33
74 179.2 -29.1 2602 512 1375 13 2595 4
75 179.5 -25.7 3245 991 2162 1139 3082 23
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Table 7.3: TS Values for Each Cloud
Cld Num l b TSH2 TSCO TSDG TSCLD TSEX TSAGN

76 181.0 -27.3 2907 644 1534 717 2823 11
77 181.2 -28.5 2422 465 1227 5 2364 10
78 182.1 -30.9 1592 313 711 39 1591 87
79 184.6 -30.9 1159 392 365 325 1044 17
80 185.4 -34.6 792 414 77 68 735 19
81 186.4 -32.2 1038 431 241 902 10 · · ·
82 189.5 -36.5 1035 270 379 151 898 99
83 192.2 -26.6 955 26 793 1 955 90
84 206.7 -26.3 19658 2850 582 24 19657 16
85 211.0 -36.6 799 90 110 289 231 6
86 278.7 -33.3 102 54 40 21 102 14
87 280.9 -31.3 93 71 19 57 68 0
88 286.5 62.8 0 0 0 0 9 13
89 295.2 -36.4 26 10 14 7 22 0
90 300.7 -31.9 394 38 191 6 389 17
91 305.9 -34.1 743 165 298 15 671 6
92 308.6 -32.5 943 207 362 1081 848 3
93 314.0 -29.1 867 203 223 447 661 20

crtla 250 30 1 0 -1 · · · · · · · · ·

TS values for each cloud. The log(likelihood) for each model is compared to the baseline
model, which contains all diffuse templates. Thus, the TS value is related to the
significance of the named component, where a large TS indicates statistically significant.
(`, b) in degrees. a. Control region.

The distribution of TSH2 is shown in Figure 7.4. Most target clouds are not detected in

isolation, however, which is measured by TSCLD. Only 32 clouds were detected individually

with TSCLD > 25. Thus the H2 detected in most regions arises from the combination of

molecular gas across the entire region. The individual clouds may all be at different distances

from the Solar System, which biases the emissivity measurements.

We also compare the baseline model to one utilizing the Fermi standard Galactic diffuse

model. However, only one cloud in our survey had CO data from Dame et al. (2001) included

in the diffuse model (MBM 12). Therefore our models, which include CO, should more

accurately reflect the gas origin of the gamma-ray emission. Recall from Chapter 5 and
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Table 7.4: TS Values Description

TS Name Model Interpretation
TSH2 HI Significance of H2 across ROI.
TSCO CO Significance of CO across ROI.
TSDG DG Significance of dark gas across ROI.
TSCLD nocld Significance of H2 from target cloud
TSEX PS Has Fermi resolved the target cloud?
TSAGN CODGPS Is there a point source behind the target cloud?

Interpretation of TS values. Model listed is the model (see Table 7.2 for descriptions)
which is compared to the baseline model, CODG.

Figure 7.4: TSH2 (left) and TSCLD (rght) distributions for the target clouds. The vertical
line represents TS = 25, which is the TS cutoff for the 3FGL point sources catalog. These
show the number of regions in which molecular gas is detected significantly and the number
of regions in which the target cloud is detected independent from the background molecular
gas.

again in Section 7.1, the dust alone results in a poor fit to the data.

The regions where TSCO > TSDG are called CO dominated. This can be seen in Figure

7.5 as the area to the right of the gray shaded regions. In these clouds, the column density

is high enough for CO to be shielded from dissociating UV emission. The translucent phase

occupies a relatively small fraction of the molecular cloud. For regions where TSCO < TSDG,

seen towards the left of the gray shaded regions in Figure 7.5, the translucent phase occupies
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Figure 7.5: TSDG versus TSCO where the dots are colored by the peak N(H I ) from Table
6.1. The shaded regions represent the space where 1/x ≤ TSCO/TSDG ≤ x, where x = 2 or
5.

a larger proportion of the volume of the molecular cloud. Presumably, the majority of the

molecular gas has little or no associated CO. This indicator is may be somewhat misleading,

however, as TSCO and TSDG measure the significance of either CO or dark gas across the

entire ROI.

The data in Figure 7.5 are colored by N(H I ). All of the clouds with large N(H I ) are

clustered towards the upper right corner, and lie inside the shaded regions. The clouds
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Figure 7.6: Residual significance maps, smoothed with a 0.◦1 Gaussian kernel for Clouds 1,
42, and 51. Contours are WCO = 2.5 K km s−1. There are no significant residuals near the
target clouds. Each image is labeled with the latitude and longitude of the center of the
image.

represented towards the left of the shaded regions do not have large N(H I ). The N(H I )

comes from a 2◦×2◦ region around the clouds, and thus indicated the state of the environment

around the cloud. A low N(H I ) around a cloud could indicate either a compact cloud in an

otherwise diffuse ISM or that dark gas extends far beyond the detectable CO boundaries of

the cloud.

7.4 Residual Maps

We established in Chapter 5, the likelihood values should not be the only criterion to evaluate

the fit of a model. Residual maps, calculated from Equation 5.4, show significant differences

between the data and model predictions. Three sample residual maps are shown in Figure

7.6. In the middle image, for example, there is a large red region on the left side of the region.

This could be some unmodeled diffuse source. Figure 7.6 shows a good representation of the

residual maps around the target clouds. There are few large deviations (> 2σ) between the

observed gamma-ray counts and the model. This indicates that our choice of τ353 to model
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Figure 7.7: Distribution of maximum residuals in each residual map (left) and the sum of
all residual map distributions (right). Units are in σ-significance.

the ISM is good, further verified by the study of ρ Ophiuchus in Chapter 5.

The residuals only rarely rise above 3σ. The majority of ROIs had residuals < 2σ. We

see this on the left of Figure 7.7. The right shows the distributions of the residual maps for

all clouds added together. It shows a relatively fat tail towards positive residuals. Across

all 93 ROIs, there are only 20 pixels with residuals > 4σ. Thus, these pixels are likely an

unmodeled point source in one or two ROIs.

The remaining residuals form a smooth, though skewed distribution. The skew suggests

that the model underpredicts the gamma-ray emission more than it overpredicts it. This

means that we may be missing some gas in the ISM tracers. Perhaps ionized gas plays a

larger role, especially near the intermediate star forming region Perseus, which is close to a

few ROIs. Maybe, we explored in Chapter 5, our dark gas tracer is not as effective in some

regions.

Note, unlike in Chapter 5, we did not create TS maps for any of the targets. Chapter 5

shows that residual significance maps contain more information than do TS maps. TS maps

cannot show places where the model overpredicts the gamma-ray flux.
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7.5 Gradients

7.5.1 Emissivity Gradients

We start searching for H I emissivity gradients towards the Galactic center. Previous Fermi

studies indicate a small negative gradient towards the Galactic anti-center, at the scale of

around 15% over 3 kpc (Ackermann et al. 2011a). Assuming a linear relationship, this

translates into about a 2.5% gradient, or a change from around 10−26 s−1 sr−1 MeV−1 (H-

atom)−1 to 0.97×10−26 s−1 sr−1 MeV−1 (H-atom)−1. These changes roughly agree with

predictions from 2-D GALPROP simulations (Strong et al. 2004). Effenberger et al. (2012)

predicts a fairly small gradient of up to 16% between 5 kpc and 7.9 kpc. Assuming a linear

gradient, and that it extends out to the Solar System’s location, this is equivalent to 2.5%

variation across the distances probed in our survey.

Other recent models (e.g., PICARD, Kissmann et al. 2015; Werner et al. 2015) consider

the 3-D Galactic structure, and allow for a larger gradient because the CR source distribution

should follow the sprial arms. They test multiple models for spiral arm structure and CR

source distribution. In Figure 1 of Werner et al. (2015), two models predict a 2%-8% variation

in CR sources. Figure 2 of Werner et al. (2015) shows the proton density assuming different

Galactic structure, including models with strong (about 10% variation) close to the Solar

System’s position.

The locations of our clouds, shown in Figures 6.2 and 6.3 do not probe far enough from

the Solar System to favor one spiral arm model over another unless we assume that many

of the molecular clouds are part of a spiral arm. The clouds towards the Galactic anticenter

are towards the Orion spur, but it is not clear from this work whether any of the clouds are

associate with the Gould Belt or the Orion arm.

Figure 7.8 shows the H I emissivity in two different projections, where the red line repre-

sents the H I gradient towards the Galactic anti-center (Ackermann et al. 2011a), scaled to
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Figure 7.8: H I emissivity shown versus Galactocentric radius (left) and on the XY distribu-
tion of the clouds (right). The horizontal dashed line is the average qH I , the shaded region
represents the uncertainty on the mean, and the red line is an expected emissivity gradient
of 2.5%.

the values found in this study. The error bars shown only include statistical uncertainties.

When qH I is plotted against Galactocentric radius, the majority of clouds lie below 1×10−26

s−1 sr−1 MeV−1 (H-atom)−1, which is close to the values reported by the Fermi team (e.g.,

Abdo et al. 2009b). There is a group of clouds further from the Galactic center than the

Solar System with emissivity twice the average. These clouds are the black dots on the right

side in the third quadrant. The high emissivity clouds, shown as black dots, are primarily

found in the 2nd quadrant towards the lower right corner of the image. The 4th quadrant,

in the upper left corner, contains only smaller emissivities. However, there are only eight

clouds here (just 8% of the sample). We cannot make strong claims on potential gradients

because there are few clouds towards the Galactic center. Towards the Galactic center, in

the first and fourth quadrants, most of the clouds have fairly low emissivity. Further out,

the clouds have a slightly higher average value, but also a significantly larger variance.

In Figure 7.9, we rotate the X-axis by −45◦ to point to ` = 315◦ along the negative axis

and ` = 135◦ along the positive axis. This axis effectively bisects the groups of clouds in the
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Figure 7.9: The H I emissivity projected along a line rotated −45◦ from the X-axis (left)
and +45◦ from the X-axis (right). The red lines represent the median value inside the each
50 pc interval.

2nd quadrant. We project the H I emissivity against this new axis. We bin the data in 50

pc intervals and show the median value for each bin. A linear regression to these medians

agrees with a linear regression to the whole dataset, and shows a slight increase in qH I with

distance. When fitting to the medians, we changed the number of distance bins to check for

the robustness of the slope. The slope varied between 0.005 ∆qH I /pc to 0.01 ∆qH I /pc, each

with a regression coefficient of r2 < 0.01.

These fits, however, are biased due to the few numbers of clouds towards the Galactic

center at negative distances. If we exclude the six clouds closest to the Galactic center, the

slope becomes negative, which suggests that there is no variation in qH I . We also see qH I

projected on the orthogonal axis in Figure 7.9, one rotated +45◦ from the X-axis. The clouds

are much more symmetric around this axis and again show little trend. The same can be

said for the dark gas emissivity, which is not visualized here.

If we plot the emissivities against Z, we get zero trend again, as seen in Figure 7.11.

Again, the red lines represent the median emissivity in each distance bin. Most clouds have

Z < 0, and we see a large spread of emissivities both above and below the Solar System.
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Figure 7.10: (left): Clouds projected into the XY plane, colored by the CO emissivity ×106.
(right): CO emissivity plotted along the axis rotated −45◦ from the X-axis. The red lines
mark the median CO emissivity in each 50 pc distance interval.

Figure 7.11: H I emissivity (left) and CO emissivity (right) versus Z. The red lines represent
the median emissivity within the 50 pc distance bin.

There is no overall trend of qH I nor qCO with respect to either Z or |Z|.

qDG shows the same lack of trends. These hint at a large inherent spread of emissivities,

likely due to uncertainties in ISM modeling and fitting.
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Figure 7.12: The number of clouds with calculated X ′CO values (left) XCO values (right)
between 1019 and 1021 cm−2 (K km s−1)−1.

7.5.2 XCO Variations

The equations for the X-factors are given in Section 4.4. The median value for XCO =

1.53×1020 cm−2 (K km s−1)−1.

The left image of Figure 7.12 shows X ′CO, which can be directly compared to the X-factor

reported in other Fermi studies (e.g., Abdo et al. 2010a; Ackermann et al. 2012b), which

range between 0.5 and 2.0×1020 cm−2 (K km s−1)−1.

The distributions of XCO and X ′CO are given in Figure 7.12. Most clouds lie between

XCO = 0.8×1020 and 1.8×1020 cm−2 (K km s−1)−1, with many clouds between 0.8×1020

and 1×1020 cm−2 (K km s−1)−1 and a significant tail towards higher values. The clouds in

this survey should not be near CR acceleration sites, so these high values of XCO indicate

improper background templates, improper fitting, or Equation 4.11 is incorrect. The results

from Chapter 5 suggest that the templates are not the problem, however our results do

not differentiate between the other alternatives. Analyzing the same clouds in gamma-rays

with different methodologies will help, and multiwavelength studies of the clouds can help

determine the molecular fraction of the dark gas and the N(H2 ) of each cloud.
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Table 7.5: XCO Calculations

Cld Num l b X ′CO×1020a X ′AV
×1020b XCO×1020c

1 4.2 35.5 0.73± 0.05 5.76± 0.48 3.04± 0.20
2 5.6 36.5 0.83± 0.07 9.84± 0.62 10.24± 0.64
3 9.9 -28.4 0.52± 0.20 6.60± 2.49 1.19± 0.33
4 11.6 36.3 0.59± 0.05 12.09± 0.90 2.52± 0.25
5 36.4 -57.3 0.33± 0.03 2.35± 0.29 0.66± 0.08
6 37.9 44.5 0.38± 0.04 4.33± 0.49 1.10± 0.11
7 45.0 -36.4 1.52± 0.44 11.32± 3.28 4.41± 1.10
8 56.9 -44.2 0.14± 0.07 9.52± 0.90 1.40± 0.21
9 61.1 -34.1 0.73± 0.21 9.17± 2.55 2.13± 0.49
10 66.8 -28.4 0.76± 0.14 2.98± 0.52 1.15± 0.16
11 69.8 -30.8 6.34± 0.79 4.72± 1.07 7.05± 0.82
12 71.8 -42.8 0.01± 0.00 7.72± 1.67 2.04± 0.55
13 74.2 -49.0 0.64± 0.09 3.16± 0.44 0.96± 0.12
14 90.8 38.2 0.61± 0.08 6.03± 0.82 1.51± 0.15
15 91.6 -37.8 0.09± 0.13 10.57± 0.75 1.00± 0.15
16 92.0 -30.4 157.61± 16.22 551.00± 59.17 233.40± 19.53
17 92.7 36.5 2.61± 1.47 12.65± 7.14 4.76± 1.92
18 93.9 -32.0 0.59± 0.13 3.83± 0.75 1.35± 0.21
19 96.7 -29.7 0.36± 0.05 2.22± 0.24 0.60± 0.06
20 101.9 -27.7 1.74± 0.60 31.25± 9.96 5.00± 1.23
21 102.3 -60.2 0.38± 0.00 1.60± 0.00 0.40± 0.01
22 102.3 -56.3 3.04± 3.73 58.91± 72.11 3.60± 3.80
23 102.6 -28.9 0.55± 0.08 2.25± 0.31 0.75± 0.08
24 103.2 -26.3 1.31± 0.18 3.52± 0.78 1.76± 0.21
25 103.8 -39.2 1.75± 0.76 49.34± 15.49 8.48± 2.31
26 103.8 -31.5 0.41± 0.15 3.02± 0.54 0.87± 0.18
27 105.9 -38.5 2.21± 1.42 12.32± 7.92 3.46± 1.64
28 108.7 -52.2 1.28± 1.11 4.94± 4.78 2.08± 1.36
29 109.5 -37.9 0.06± 0.02 3.07± 0.30 0.69± 0.15
30 116.3 -44.8 1.81± 0.59 7.75± 2.68 2.54± 0.64
31 117.6 -52.6 0.56± 0.79 18.84± 11.83 5.34± 3.22
32 119.0 27.9 1.43± 0.45 2.80± 0.93 1.86± 0.48
33 122.5 30.5 0.42± 0.06 1.21± 0.18 0.84± 0.10
34 126.3 32.7 0.37± 0.17 4.19± 1.42 1.29± 0.37
35 127.3 -69.9 0.33± 0.04 7.55± 0.51 1.13± 0.10
36 131.4 -46.1 2.22± 1.51 16.30± 11.06 3.53± 1.75
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Table 7.5: XCO Calculations

Cld Num l b X ′CO×1020a X ′AV
×1020b XCO×1020c

37 134.7 -45.0 0.02± 0.01 4.65± 3.46 0.36± 0.26
38 136.7 -68.5 0.04± 0.02 71.74± 30.16 21.92± 10.62
39 142.0 35.3 0.52± 0.10 8.03± 1.27 2.39± 0.41
40 143.0 38.3 0.01± 0.08 3.86± 0.62 0.55± 0.13
41 145.6 -49.7 0.54± 0.09 3.41± 0.54 0.73± 0.10
42 145.8 -39.3 0.46± 0.11 8.30± 1.20 1.45± 0.19
43 146.8 40.5 0.31± 0.05 5.48± 0.68 0.67± 0.07
44 148.4 -49.8 0.78± 0.93 23.08± 16.76 4.47± 2.92
45 148.4 -48.7 8.38± 100.93 29.32± 353.08 15.24± 130.43
46 148.4 38.3 0.37± 0.05 6.97± 0.51 1.30± 0.14
47 151.3 -38.4 0.78± 0.41 5.25± 2.85 1.16± 0.46
48 152.1 -25.3 0.56± 0.07 2.02± 0.25 0.70± 0.08
49 153.5 36.6 0.60± 0.32 3.35± 1.90 0.88± 0.36
50 156.6 -45.1 0.00± 0.00 1.36± 0.21 0.08± 0.02
51 158.1 -33.5 0.45± 0.04 4.12± 0.38 1.41± 0.10
52 159.9 -30.9 0.11± 0.14 0.19± 0.03 0.13± 0.14
53 160.4 -35.3 0.38± 0.14 4.39± 0.72 1.06± 0.18
54 161.5 -35.9 1.17± 0.18 8.27± 1.46 5.55± 0.90
55 161.6 -28.5 0.49± 0.10 8.58± 0.33 1.63± 0.20
56 163.4 -28.0 0.29± 0.03 2.82± 0.35 0.62± 0.07
57 163.5 -43.5 1.21± 0.07 4.29± 0.23 1.97± 0.18
58 164.8 -25.7 0.41± 0.41 8.28± 3.27 0.74± 0.44
59 166.4 -44.6 0.01± 0.01 13.49± 1.02 0.96± 0.11
60 167.4 -26.3 0.74± 0.43 7.89± 1.20 1.20± 0.43
61 167.6 -44.2 0.56± 0.07 1.59± 0.23 0.78± 0.09
62 167.6 -38.0 0.48± 0.08 3.61± 0.52 1.02± 0.13
63 169.1 -45.7 0.48± 0.08 3.29± 0.55 0.77± 0.10
64 170.3 -42.8 0.50± 0.55 2.47± 1.67 0.66± 0.56
65 171.2 -35.9 0.46± 0.05 1.80± 0.20 0.94± 0.10
66 171.5 -37.6 0.96± 0.19 11.22± 2.23 4.87± 0.89
67 172.1 -40.2 0.52± 0.07 4.99± 0.77 1.54± 0.22
68 172.8 -36.4 4.21± 5.58 4.81± 6.45 5.03± 5.69
69 173.3 -40.0 0.72± 0.15 7.68± 1.43 2.34± 0.42
70 173.6 -41.6 1.54± 0.59 7.73± 2.93 3.45± 0.96
71 175.2 -25.1 0.59± 0.08 1.84± 0.27 0.89± 0.11
72 175.4 -38.8 6.20± 8.09 30.27± 39.50 10.69± 10.02
73 177.3 -38.9 0.01± 0.00 6.61± 1.49 0.99± 0.25
74 179.2 -29.1 0.35± 0.22 2.10± 0.48 0.78± 0.26
75 179.5 -25.7 0.34± 0.19 2.20± 0.44 0.72± 0.21
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Table 7.5: XCO Calculations

Cld Num l b X ′CO×1020a X ′AV
×1020b XCO×1020c

76 181.0 -27.3 1.65± 0.75 13.57± 6.04 4.71± 1.59
77 181.2 -28.5 0.19± 0.95 24.20± 5.58 6.98± 2.00
78 182.1 -30.9 7.13± 3.46 42.96± 19.89 13.44± 4.55
79 184.6 -30.9 1.51± 0.59 0.16± 0.01 1.53± 0.59
80 185.4 -34.6 0.01± 0.00 0.17± 0.00 0.02± 0.00
81 186.4 -32.2 1.80± 0.43 19.64± 4.72 3.63± 0.63
82 189.5 -36.5 0.30± 0.09 9.03± 1.00 2.30± 0.29
83 192.2 -26.6 1.73± 0.59 2.21± 1.28 2.12± 0.64
84 206.7 -26.3 0.32± 0.10 14.27± 3.16 4.77± 1.00
85 211.0 -36.6 0.79± 0.80 64.69± 27.73 36.39± 15.37
86 278.7 -33.3 0.68± 0.38 4.48± 1.47 4.56± 1.35
87 280.9 -31.3 0.93± 0.08 7.08± 0.45 4.36± 0.26
88 286.5 62.8 0.46± 0.13 4.90± 0.58 0.75± 0.17
89 295.2 -36.4 1.51± 0.47 2.28± 0.56 1.79± 0.48
90 300.7 -31.9 0.89± 0.12 10.26± 1.45 2.37± 0.29
91 305.9 -34.1 4.77± 0.68 6.53± 1.04 7.22± 0.86
92 308.6 -32.5 0.01± 0.01 0.26± 0.33 0.03± 0.03
93 314.0 -29.1 0.57± 0.43 8.49± 3.21 2.67± 0.91

XCO values for each cloud.
(`, b) in degrees.
a Units: cm−2 (K km s−1)−1
b Units: cm−2 mag−1
c Units: cm−2 (K km s−1)−1

Ackermann et al. (2012b) reported also GALPROP simulations resulting in a radial

variation of the XCO factor of approximately 15%. This is due to metallicity effects (Israel

2000), where a lower metallicity reduces the amount of CO, thus increasing XCO. This is

similar to the effect of dark gas on XCO: CO can be destroyed in translucent regions of a

molecular cloud, increasing the H2 -to-CO ratio.

Figure 7.13 shows XCO in two projections. There is no evidence for a trend in any

direction. This holds for both X ′CO and XCO. However, these results also do not rule out

any gradients. Ackermann et al. (2012b) used a model which exhibits an approximately 10%

variation on XCO.
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Figure 7.13: XCO versus Galactocentric distance (left) and on the XY projection of the
clouds (right). The dashed line on the left represents the median XCO value and the red
triangles show clouds with XCO > 1021 cm−2 (K km s−1)−1.

While the large variance may hinder our determination of cloud-to-cloud variations across

the Galaxy, XCO variations within a cloud only depends on the ratio betweenAV,res andWCO .

Across much of a cloud, especially outside the CO core, the limiting factor to determining

intracloud XCO variations is the detection of CO and dark gas.

Figure 7.14 shows a relatively clean example and a noisier example of an XCO map,

without uncertainties. The dark green represents a higher calculated XCO. For the left

image of Figure 7.14, the dark gas primarily clusters around the edge of the CO emitting

region of the cloud. This could represent the translucent layer of the molecular cloud. This

cloud is the MBM 53 – MBM 55 molecular cloud complex and has been the subject of recent

studies of dark gas (Fukui et al. 2015; Mizuno et al. 2016). XCO tends to be lower in regions

with significant CO emission.

The image on the right (Figure 7.14), however, does not seem to follow this trend. The

large molecular complex towards the northwest of this image is the Taurus Molecular Cloud

Complex. XCO increases slightly around the edges of Taurus, but increases significantly

around the molecular clouds to the east of Taurus. It is unclear, from this study, why this

is.
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Figure 7.14: XCO map centered on Cloud 14 and Cloud 71 on the left and right, respectively.
Both images have the same colorscale, where the darker green color represents a higher XCO,
implying more dark gas. The contours show WCO = 2.5 K km s−1.

7.6 Survey Conclusions

This project aims to simultaneously measure the cosmic ray density and the gas and dust

properties close to the Solar System. The results can help constrain models of cosmic ray

propagation and reduce the uncertainties associated with foreground gamma-ray emission.

Molecular gas is correlated with star formation which, in turn, is correlated with cosmic

ray acceleration. However, both the transition layer between atomic and molecular gas, called

dark gas, and the distribution of CR sources are difficult to probe observationally. Diffuse

gamma-ray emission can simultaneously probe both the dark gas and the distribution of CR

as a result of the emision mechanisms. CR protons colliding with protons in the ISM result

in neutral pions, which decay into gamma-ray photons. Therefore both the density of gas

and the density of CR protons influence the gamma-ray flux. The Fermi Gamma-ray Space

Telescope represents a vast improvement in sensitivity and spatial resolution for gamma-rays

at the energies at which pion decay is important.

Our study of ρ Oph shows inherent ambiguity in choosing ISM tracers. Only the H I
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tracer could satisfactorily capture low column density regions, and tracers for high column

density regions suffer from systematic uncertainties. These uncertainties are large enough to

significantly affect the fluxes of “confused” point sources in the 3FGL. There are correlations

between the column density tracers and the diffuse gamma-ray emission, and likelihood mod-

eling confirm these correlations. All tracers show some problems, in the form of structured,

significant deviations from the gamma-ray observations. However, the τ353 tracer performs

the best overall and has well understood systematics. We, therefore, use τ353 in further

studies of diffuse gamma-ray emission.

We perform a CO-selected survey of 93 target clouds. We model the ISM with four

components: low-velocity H I , high velocity H I , CO, and dark gas. The clouds cover a wide

range of Galactic longitudes and lie within 270 pc of the Solar System and provides a baseline

on which to try to find CR gradients.

7.6.1 CR Gradients

There are two confused point sources within L1688 that are not detected when different

ISM templates are fit to gamma-ray observations. Despite the uncertainties L1688, and the

handful of B stars in the vicinity, is not a current source of CRs. Nor is MBM 12, a site of

low-mass star formation, a source of high energy cosmic rays.

The emissivities appear to be uniform, however, the variance is very large. The variance

was larger than any physically relevant CR gradient predicted by recent 2D or 3D simula-

tions of CR. Therefore, we cannot distinguish between combinations of CR model parameters

which result in CR gradients less than approximately 15%. High latitude clouds may pro-

vide a significant source of gamma-ray photons in certain locations on the sky, but they

are not detected at high enough precision to differentiate between most cosmic ray source

distributions.

The emissivity variance is high even in cases where the clouds lie within the same ROI,
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as illustrated in Figure 6.4. This high variance is likely due to the ISM which lies outside

of the ROI, which affects both the determination of the dark gas template as well as the

gamma-ray fit because of the large point spread function. This supports the usual Fermi

recommendation to use as large a ROI as possible. However, the Fermi analysis treats

the gas uniformly, and thus makes the study of intercloud gas variability with gamma-ray

observations more difficult.

Within the same cloud, there is no correlation between qH I and either qCO or qDG. This

suggests that the CR flux is the same in every ISM phase. There is a hint of reduced qH I with

higher N(H2 ) in Figure 7.3, which likely shows correlations between model components and

derived quantities. The large variance hides any potential CR penetration problem, which

would be seen as a departure from the expected behavior.

Gamma-ray fitting can constrain any gradient much more precisely by including molecular

clouds closer to the Galactic plane, especially with accurate distances measurements. TeV

observations may help add more clouds to a study of diffuse gamma-ray emission, but most

TeV-bright molecular clouds are interacting with supernova remnants and are not quiescent.

The isolated molecular clouds are difficult to study due to low TeV flux and difficulties

separating the background CR from gamma-rays (Aharonian et al. 2001; Berge et al. 2007).

7.6.2 Cloud Chemistry

Gamma-ray observaions can determine separate conversion factors between WCO and N(H2)

and AV,res and N(H2), assuming that the atomic and molecular phases of the ISM have the

same CR flux. There is no evidence for a spatial gradient in XCO. The variance and

uncertainties in the data hide any potential spatial variation.

In general, the amount of dark gas depends on which ISM tracer is used and the method

of fitting the tracers. The method of finding XCO, as oppsosed to X ′CO as reported in previous

Fermi studies, allows for direct comparison to previous studies. It also allows for an XCO
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map to be constructed from the tracers, as shown in Figure 7.14. The XCO map can provide

relative and qualitative comparison to models, but the exact values must be found with

another method. The map qualitatively agrees with model predictions (e.g., Wolfire et al.

2010) where the periphery of the cloud has higher XCO, but is sensitive to the choice of dark

gas tracer.

The XCO from these gamma-ray fits have a large variance and treat the molecular gas

throughout the ROI uniformly, which often contains other molecular clouds. A way around

this is to include separate ISM templates for every molecular cloud (Remy et al. 2015). This

may not overfit the data too much because the spatial separation between many molecular

clouds make the model components effectively independent. However, the boundaries be-

tween molecular clouds are not well known and the distances to each molecular cloud has

large uncertainty.



Chapter 8

Conclusions

In this thesis, we consider the local CR density and possible variations. Density variations

of CRs contains information about distribution of their sources, which are the deaths of high

mass stars. Previously, only direct measurements of CR density at the Earth and large,

kiloparsec scale measurements have been made throughout the Galaxy with gamma-ray

observations. Only a few small-scale, localized measurements throughout the Galaxy had

been attempted. These localized measurements require a target significantly more dense than

the ambient ISM in order to be distinguished from foreground and background gamma-ray

emission. The previous localized measurements were taken in the direction of a handful of

giant molecular clouds.

However, Torres et al. (2005) predicted that even smaller molecular clouds should be

resolved in gamma-rays by the Fermi Gamma-ray Space Telescope. To be visible, these

clouds must be fairly close to the Solar System. If resolved, these clouds would probe the

CR density in the Solar neighborhood. Any observed variations in the CR density would

help constrain CR propagation parameters, which depend on the interstellar environment,

and constrain the distribution of CR sources.

121
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8.1 Calibrating ISM Tracers

Diffuse gamma-rays are emitted when a CR proton collides with a proton in the ISM. The

collision may result in a neutral pion, which decays almost immediately into two gamma-ray

photons. This means the gamma-ray flux is proportional to the product of the CR density

and the ISM density. Thus, in order to constrain the CR density, we need to know the

distribution of the ISM as accurately as possible.

Current methods of tracing the ISM include observations of H I and H II for the atomic

components and observations of CO, thermal dust emission, or dust extinction for the re-

maining components. However, each of these tracers have known issues and cannot be used

to trace the full ISM. H I , for example, is usually assumed to be optically thin. Any self-

absorption causes the H I emission to underestimate N(H I ). Dust emission depends crucially

on the dust-to-gas ratio and the dust emission properties. CO does not trace all H2 , since

there are regions where CO gets dissociated but H2 does not.

We compare four ISM tracers to gamma-ray emission to identify where each tracer fails:

τ353, NICER and NICEST, Dobashi DSS, and Dobashi 2MASS. τ353 is the optical depth

of thermal dust emission at 353 GHz, NICER and NICEST are algorithms which use near

infrared color excess, Dobashi 2MASS is a similar color excess technique, and Dobashi DSS

uses optical star counts to trace the ISM. This requires the CR density to be constant across

the target area. Previous observations (e.g., Ackermann et al. 2012c; Ade et al. 2015a) suggest

that CRs penetrate all the way through even the densest of molecular clouds. Furthermore,

we strutinize a small region. We analyze the ρ Ophiuchi molecular cloud complex due to the

proximity, which ensures a high gamma-ray flux and that it covers a large area on the sky.

In addition, the cloud has regions of high density (AV > 30 mag) and hot B stars, which

affect the dust extinction tracers and dust emission tracers, respectively. It thus represents

a good laboratory to compare four different ISM tracers to the gamma-ray emission.
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The results of likelihood fits between each tracer and the gamma-ray data suggest that

none of these tracers can trace the entire ISM simultaneously. However, an H I template plus

these tracers do reproduce the gamma-ray emission with a handful of problem areas. τ353

performs the best across the entire region. Close to ρ Oph, τ353 underpredicts the gamma-ray

emission around the B star ρ Ophiuchus. Thus, τ353 underpredicts the column density here,

likely because the B star is heating the dust in the region. It is not clear why the other B

stars in the region do not have similar effects on τ353. It also overpredicts the gamma-ray

emission at L1689, though performs well at L1688, which is forming higher mass stars than

L1689.

NICER underpredicts the gamma-ray emission at L1688. This is expected because there

are few stars in the near infrared at the high extinction regions like L1688. The only stars

that are visible are in front of the molecular cloud, or have an especially clear line-of-sight.

NICEST attempts to correct for this bias by normalizing by the number of stars in each

pixel. NICEST performs well in L1688. Both of these tracers have trouble away from the

molecular cloud, potentially due to different stellar populations in these regions. Dobashi

DSS severely underpredicts the gamma-ray emission at moderate and high extinctions. This

is expected, as stars are not visible in the optical regime at moderate extinctions. Dobashi

2MASS does not trace low and moderate extinction tracers well. It performs well at relatively

high extinctions, though not at very high extinction regions like in L1688.

In the end, we chose a combination of H I and τ353 to trace the ISM. It performs the best

overall and the problem areas can be avoided by considering regions away from the Galactic

plane.
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8.2 Probes of Local CR Density

With a handle on the ISM, we finally turn towards determining the CR density close to the

Solar System. We focus on molecular clouds at high Galactic latitudes. This ensures that

the clouds are nearby and that they are far from hot stars and potential sources of CRs.

This avoids most of the systematics in τ353, making this tracer even more effective at tracing

the ISM. Our ISM tracers include H I and τ353. This time, however, we choose to trace

the molecular gas with two components: CO-bright-H2 as traced by CO and CO-faint-H2 ,

the dark gas, traced by τ353. To create the dark gas template, we remove the H I and CO

contributions to the dust emission via a least-squares regression.

We selected 93 regions from the Planck all sky CO survey with 25◦ ≤ |b| ≤ 70◦ and

measured the gamma-ray flux per proton, or emissivity, from all components which trace the

ISM. The emissivity reflects the CR density. For the same column density, a high gamma-

ray flux implies a high CR density because each proton will experience a higher rate of

CR collisions. Our report focused on the H I emissivity to compare directly to previous

measurements and because the variation is smaller than the variation seen in the other

emissivities. The CO and dark gas emissivities are more localized, because molecular clouds

are small, with relatively well defined boundaries. But because molecular gas covers a smaller

fraction of the sky than H I , the significance is lower and the uncertainty is larger.

The H I emissivities show zero variation in the Solar neighborhood. This is expected,

considering the high variance, because some CR propagation models predict just a 2.5%

variation in the Solar neighborhood. The uncertainty on the mean is 38%.

8.3 Future Work

Gamma-ray emission from molecular clouds represents a significant source of gamma-rays,

even at high Galactic latitudes. Observations of diffuse gamma-ray emission can provide a
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unique view of the ISM and CR physics. The observations are limited by (a) photon flux and

(b) background models. New missions are being developed (e.g., GAMMA400) which will

supplement observations from the Fermi LAT, and TeV observations will help determine

the physics of CR acceleration and propagation.

TeV observations can help determine the sources of CRs and the propagation of CRs into

molecular clouds just pc from the CR sources or in regions of concentrated CR accelerators

(e.g., the Galactic center). New TeV observatories, such as the Cherenkov Telecope Array,

will improve sensitivity such that giant molecular clouds ≈ 1 kpc from the Solar System may

be detectable (Pedaletti et al. 2013). Nearby molecular clouds and molecular clouds with

M < 105M� will still be undetectable by TeV telescopes in the near future.

The first, and most direct, extension of the work performed in Chapter 5 is to analyze

more clouds, including revisiting the giant molecular clouds previously studied by Fermi .

This would include all clouds predicted by Torres et al. (2005). A larger sample would cover a

wider variety of environments and identify more problem areas. In addition, the gamma-ray

observations can be used to identify regions for follow-up observations. Follow-up studies

of problem areas would help astronomers understand the physics behind the systematics of

each tracer. For example, why does the star ρ Ophiuchus affect τ353 significantly, but the

other nearby stars (22 Sco, σ Sco, HD147889, and L1688 S1) do not. And why does τ353

overpredict the column density at L1689 but not L1688 – does the B star L1688 S1, which

is embedded in L1688, heat the dust in L1688, thus canceling out the overprediction due to

the high density? Or is L1689 a special region? There are a number of 1.1mm point sources

in L1689 and comparably fewer in L1688.

Studies such as the Planck satellite, Pan-STARRS, and Gaia (Schlafly et al. 2014b)

all help determine the structure and properties of the ISM which, in turn, improve the

sensitivity of the Fermi analysis. No single tracer effectively traces the entire ISM, so a

better understanding of gas properties can point to the best combination of ISM tracers to
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recover the diffuse gamma-ray observations. In addition, the templates used in the gamma-

ray models are split according to radial velocity, as opposed to distance, or the entire line-

of-sight emission is grouped into a single template. The new distances and 3D extinction

maps from Pan-STARRs and Gaia will allow for analysis of diffuse gamma-ray emission

significantly closer to the Galactic plane through more accurate ISM templates, though the

Galactic center will remain a complicated region. Because a large fraction of the systematic

uncertainty in the gamma-ray modeling comes from uncertainty in gas properties (e.g., H I

spin temperature), this will serve to reduce some of the large systematic uncertainties in the

gamma-ray modeling.

Other methods for determining the dark gas templates will also reduce systematic un-

certainties on the estimate of H2 column density and XCO. The most common method of

tracing dark gas involves a least-squares fit between AV and N(H I ) plus WCO . This au-

tomatically biases the fit because (a) the mean residual is assumed to be zero and (b) the

distribution of residuals is forced to be approximately symmetric around the mean. Tibaldo

et al. (2015) starts to get away from these issues by adding a constant offset and using an

iterative fitting procedure, described in Chapter 4. Removing these biases will reduce the

systematic uncertainties on qDG and subsequent results.

Different methods of looking at gamma-ray data will further improve the precision of the

findings. Methods can be as simple as filtering the raw data into a custom data class to

minimize the point spread function (Portillo & Finkbeiner 2014) by selecting only photons

with well determined arrival directions. This filtered data can help resolve ISM features

and differentiate components in gamma-ray models. Other methods can include more com-

plicated analyses of existing data classes such as likelihood fitting assuming non-Poisson

statistics (Zechlin et al. 2016), wavelet decomposition (McDermott et al. 2016) and pseudo-

information field theory decomposition (Selig et al. 2015), the use of probabilistic catalogues

(Portillo & Daylan, priv. comm.), and the application of a generalized linear model to Fermi



CHAPTER 8. CONCLUSIONS 127

data (Lenz, priv. comm.)1.

The more advanced analysis techniques can reveal the nature of some diffuse emission

(e.g., excess emission at the Galactic center) and more efficiently compare different back-

ground models. The decompositions purport to extract the spatial extent and spectral shape

of diffuse gamma-ray emission. With the deconvolution step (Selig et al. 2015), diffuse emis-

sion tracers may not even require the creation of the computationally expensive source maps,

in which the Fermi point spread function and instrument response functions are convolved

with the gamma-ray model. The probabilistic catalogues can outline the extent of the diffuse

emission and potentially automatically compare a number of diffuse emission models at once.

This may be useful when comparing a large number of simulated CR propagation models

and/or ISM structure models made possible with new data from Gaia and new simulations

from GALPROP, DRAGON, and PICARD.

A more comprehensive survey around the Galaxy would only reduce the uncertainties

if discrete clouds are identified, and accurate distances are calculated. A recent survey by

Reach et al. (2015) identifies H I clouds with dark gas. These clouds may serve the same

purpose as the molecular clouds in our survey: provide a target for CRs to probe the CR

population in a relatively localized region.

With improved systematics and additional targets, a local CR gradient may yet be de-

tected with Fermi data. High energy gamma-ray data can probe the local CR density and

constrain the distribution of CR sources.

1The generalized linear model has been applied to compare H I data to far infrared emission to look for
molecular gas (Lenz et al. 2016).
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