The Ezxtragalactic Infrared Background and its Cosmological Implications
IAU Symposium, Vol. 204, 2001
Martin Harwit and Michael G. Hauser, eds.

Galactic Far-Infrared Diffuse Emission

Francgois Boulanger, Jean-Philippe Bernard, Guilaine Lagache, Bertrand
Stepnik

Institut d’Astrophysique Spatiale, Université Paris XI, batiment 121,
91405 Orsay, France

Abstract. We review the present understanding of the interstellar dust
contribution to the far-IR (A > 100 um) sky emission. We show how
the contribution from the distinct ISM components (HI, Hy, HII gas) are
identified and characterized through spatial correlation with gas emission
lines. We discuss the spectral energy distribution of the emission from
cirrus dust associated with diffuse HI gas and from colder dust associated
with molecular gas. We relate the drop in dust emission temperature
from the diffuse interstellar medium to molecular gas to an evolution of
dust affecting both the abundance of small dust grains and the far-IR
emissivity of large grains.

1. Introduction

The Infrared Astronomical Satellite (IRAS) and the Cosmic Background Ex-
plorer (COBE) surveys have considerably improved our knowledge of dust prop-
erties and its spatial distribution over the high Galactic latitude sky. With
the IRAS data it became clear that interstellar dust comprises small particles
stochastically heated by the absorption of photons to temperatures higher than
the equilibrium temperature of large grains. Far from heating sources, these
small particles make the 12, 25 and a significant fraction of the 60 um IRAS emis-
sion. Only in the 100 um band does the emission come from large grains emitting
at the equilibrium temperature set by the balance between heating and cooling.
COBE extended the IRAS observations to the far-infrared/submillimeter emis-
sion. These data have been used to characterize the spectral energy distribution
(SED) of the large grain emission and the dust/gas spatial correlation (Wright
et al. 1991; Reach et al. 1995; Boulanger et al. 1996; Lagache et al. 1998; Arendt
et al.1998; Schlegel, Finkbeiner, & Davis 1998; Finkbeiner, Davis, & Schlegel
1999). This characterization of the diffuse Galactic emission was a key step in
the discovery of the cosmic far-infrared background (CFIRB) with the Diffuse
Infrared Background Experiment (DIRBE) and the Far-Infrared Absolute Spec-
trophotometer (FIRAS) (Puget et al. 1996; Hauser et al. 1998). The present un-
certainties in the CFIRB spectrum at A >100 pm are still set by the limits of our
understanding of the Galactic contribution to the sky emission. In this paper we
review the main results of large scale studies of the far-IR (A > 100 um) Galac-
tic emission from the solar neighborhood interstellar medium obtained with the
IRAS and COBE data. We give further insight into the changes of dust emission
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Figure 1.  Pixel by pixel comparison of far-IR COBE dust maps with
21 cm line emission from HI integrated in velocity from the Leiden-
Dwingeloo survey. Left: 100 um map smoothed with the FIRAS 7°
beam. Right: FIRAS data averaged around the mean wavelength
A =736 um (see Boulanger et al. 1996 for details)

properties from atomic to molecular gas by presenting higher angular resolution
sub-mm observations of pieces of the Polaris and Taurus molecular clouds ob-
tained with the balloon borne PRONAOS experiment.

2. Dust/Gas Correlation at High Galactic Latitude

The determination of the Galactic component relies on the existence of a spatial
correlation between gas and dust, and thus of gas emission lines with the asso-
ciated dust emission. The slope of these correlations, the IR emission per unit
gas column density, is used to estimate the Galactic emission in regions of low
interstellar column densities used to determine the intensity of the CFIRB. An
accurate estimate of the Galactic emission is particularly critical for the determi-
nation of the CFIRB intensity around 140 um where the Galactic dust emission
spectrum peaks. The correlation which has been most extensively investigated
is that between infrared emission and the 21 cm line from atomic hydrogen. H,
observations, including the recently completed Wisconsin H, mapper (WHAM)
survey, have prompted several searches for an emission component associated
with diffuse ionized gas.

2.1. Far-IR Emission Associated with HI and H; Gas

Several studies based on IRAS data have shown that the 100 um emission away
from the Galactic plane and away from molecular clouds is correlated with the
distribution of neutral atomic gas as traced by the HI line (e.g., Boulanger
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& Pérault 1988). This correlation analysis has been extended to the whole
dust spectrum using data from the DIRBE and FIRAS instruments on board
COBE (Boulanger et al.1996; Arendt et al.1998). The correlation is linear
and particularly tight where the HI column density is lower than 5 x 1020 H
cm~2. For higher column densities, there is a significant excess of IR emission
above the extrapolation of the low column density IR-HI linear correlation. The
5x10%° H cm™2 column density corresponds to the threshold above which Hy UV
observations show that a significant fraction of the gas is molecular (Savage et
al. 1977). This excess is thus attributed to IR emission from dust associated with
molecular gas. This interpretation is also supported by the general coincidence
of IR excess with CO emission. However, the correlation between IR excess and
CO emission is quantitatively poor. This is not surprising because abundance,
excitation and optical depth effects make the CO emission a poor quantitative
tracer of the spatial distribution of molecular hydrogen at high Galactic latitude
(e.g., Meyerdierks & Heithausen 1996) .

The far-infrared/HI correlation shows that dust and gas are well mixed
and that, at high Galactic latitude, the intensity of dust heating is quite ho-
mogeneous. However, the scatter in the DIRBE 100 um - HI correlation at low
column densities is larger than the noise in the data (Boulanger et al. 1996 and
Figure 1 - note that the larger scatter in the sub-mm plot is within the noise of
the FIRAS data). There are several plausible explanations for this scatter: IR
emission from ionized or molecular gas and variations in the heating radiation
field, in dust properties and/or in the dust-to-gas ratio. Present data do not per-
mit disentangling these effects. With the assumption of fixed dust properties,
variations in dust heating would translate into variations in dust temperatures.
However, in the low column density parts of the sky, the signal-to-noise ratio
of the DIRBE data, much lower in the 140 and 240 m bands than at 100 um,
is insufficient to look for such temperature variations. In the next subsection
we discuss another potential explanation by reviewing searches for IR emission
from the warm ionized medium (WIM).

2.2. IR Emission from the Warm Ionized Medium

Dispersion measures in the direction of pulsars at large distances from the Galac-
tic plane show that 30% of the gas in the solar neighborhood is low density
(ne ~ 0.1cm™3) ionized gas, not directly associated with ionizing stars and
known as the warm ionized medium (Reynolds 1989). Since fast shock waves
propagating in the low density components of the ISM are theoretically predicted
to be effective in eroding and shattering interstellar grains (Jones, Tielens, &
Hollenbach 1996), the dust abundance and size distribution in the WIM could
be quite different from that in HI clouds. Depletion measurements show that
grains are partially but not fully destroyed in warm low density gas (Savage and
Sembach 1996). The contribution from the WIM to the Galactic far-infrared
emission has been a vexing issue since the first attempt to look for it in the
IRAS data (Boulanger & Pérault 1988).

Several attempts (e.g., Kogut 1997; McCullough 1997) to identify IR emis-
sion from the WIM have been carried out by correlating the far-IR and H,, maps
ignoring the dominant contribution from dust in the HI gas. In this approach,
the HI emission component that could be accounted for by including HI data
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in the correlation analysis comes in as a source of noise. Further, any positive
correlation found in such an analysis is inconclusive because it could result from
some degree of correlation between HI and HII gas. One is really left with the
difficult task of looking for an IR counterpart to HII gas spatially uncorrelated
with HI gas, in the residuals of the IR-HI correlation. Lagache et al. (1999)
have shown that structure in the WIM uncorrelated with HI could explain the
observed scatter in the ratio between far-IR and HI emission at high Galactic
latitude, for an abundance of dust in the WIM similar to that in the HI gas
and proportions of uncorrelated and correlated H II gas of 70% and 30%. But
this is only a tentative determination of the WIM IR emission since this work
is based on a simulation and not a real image of the WIM spatial distribution.
Two groups have correlated the far-IR DIRBE maps simultaneously with HI
and H, observations over two different sky patches with diverging conclusions.
Arendt et al.(1998) found no correlation, while Lagache et al.(2000) found a
statistically significant correlation at a level above the upper limit of Arendt
et al. The only reservations one can have on the statistical significance of the
Arendt et al. analysis comes from the limited size of their map (100 square
degrees with a 1° beam). A larger scale study around the same area with the
WHAM data could solve the discrepancy between the two studies. Converting
the H, emission in a column density estimate based on a mean WIM electron
density < n, >~ 0.08cm~3, Lagache et al.(2000) derive from their correlation
an estimate of the IR emission per hydrogen atom comparable in the WIM to
that in the HI gas. We refer to Puget and Lagache’s paper in this volume for
the impact of the WIM contribution on the CFIRB determination.

3. Spectral Energy Distribution of Dust Emission

The average emission spectrum measured for dust at high latitude is presented
in Figure 2. In particular, the long wavelength spectrum results from a linear
correlation of the FIRAS and HI data at low HI column densities. This spectrum
is well fitted by a single Planck curve with an emissivity proportional to v and
Tagust = 17.5K (Boulanger et al. 1996). Note, however, that this fit does not fully
account for the 3 mm DMR measurement by Kogut, Banday, & Bennett (1996).
The most recent determination of the dust emissivity per H atom takes into
account the effect of infrared emission from dust in the warm ionized medium
on the infrared/HI correlation analysis (Lagache et al. 1999). Its value, 7, /Ny =
(8.74£0.9) x 10726 (A/250 um)~2 cm? for A > 250 um, is remarkably close to the
value obtained by Draine and Lee (1984) for a mixture of compact graphite and
silicate grains. Since the existence of crystalline graphite grains in interstellar
space is disputed (Jones 2001), this agreement might be fortuitous and not the
right physical interpretation of the data in terms of the nature of large dust
grains.

By averaging FIRAS spectra over a larger portion of sky out of the Galactic
plane but including nearby molecular clouds, Finkbeiner et al.(1999) convinc-
ingly showed that the one temperature fit can be very significantly improved
by including a second emission component with a low temperature (T' ~ 9K)
and an IR/visible emissivity ratio one order of magnitude larger than that of
the warmer component. In this data fitting, the two temperatures vary with
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Figure 2. Mean high latitude dust spectrum (DIRBE, ISOCAM,
FIRAS and DMR data). Variations in observed dust SEDs around the
mean spectrum are illustrated by the spectrum of the Polaris molec-
ular cirrus (cold cirrus, data from Bernard et al.1999) and a cloud of
comparable visible opacity [Ay(max) ~ 2] with bright 12 ym emission
in Chamaeleon (halo cloud)
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Figure 3.  Spectrum of cold dust in a filament in Taurus (PRONAOS

data from Stepnik et al. 2001). The difference in dust spectra between
the filament and the more diffuse medium surrounding it is illustrated

in the brightness cuts.

In each cut, the dashed curve is the IRAS

100 pm brightness profile scaled with the color ratios of the extended

emission at the basis of the filament.
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sky position within a fixed relation determined by the equation determining the
equilibrium temperature of each dust component. It is unclear what the physical
significance of the cold temperature component may be, and in particular if it
truly represents the emission from grains which are cold because they have a
large far-IR emissivity.

4. Cold Dust in Molecular Gas

After being released by the outflows of evolved stars, dust is subject to processing
in the ISM through gas-grain, grain-grain and photon-grain interactions. The
degree and nature of the processing (e.g., grain coagulation or shattering in
grain-grain collisions) depends on the rate and energy of these interactions which
are both related to the density structure and dynamics of the ISM. Dust grains
decouple from gas motions where their friction time (time for a grain to have
collided with its own mass of gas) is larger than the time-scales over which the
gas velocity changes significantly. This applies not only to shocks, where grains
do not follow the immediate velocity change of the gas, but also in turbulent
clouds. One should thus not be surprised to observe that dust properties vary
within the ISM. These variations can be of importance for predicting the dust
emission at mm wavelengths in CMB observations. They also limit the sky
area usable for the determination of the spectrum and angular structure of the
CFIRB.

The IRAS and COBE sky images show that the SED of the dust emis-
sion varies within the ISM, and in particular from the diffuse atomic medium
to molecular clouds. The IRAS data have revealed variations in the emission
from aromatic hydrocarbons and very small grains at 12, 25 and 60 um, rela-
tive to that from large dust grains at 100 um (Boulanger et al. 1990; Bernard,
Boulanger, & Puget 1993). In particular, emission from small particles is not
detected towards the dense gas traced by the millimeter transitions of 3CO
(Laureijs, Clark, & Prusti 1991); the difference between the 100 and 60 pm
IRAS images have been successfully used to trace the distribution of dense gas
in the solar neighborhood (e.g., Abergel et al.1994) The IRAS SED variations
have been related to a drop in the abundance of small grains from the diffuse
ISM to dense gas. The long wavelength bands of DIRBE opened the possibility
of determining the temperature of large dust grains. Lagache et al. (1998) com-
bined the far-IR DIRBE bands and the 60 pum data to separate along each line of
sight the emission associated with the diffuse ISM and dense gas where both are
present. The results of this separation show that the dust associated with the
dense gas, as traced by the difference between the 100 and 60 um brightnesses,
is systematically colder (T' ~ 15K) than dust in the diffuse atomic interstellar
medium (T ~ 17.5K). Schlegel et al. (1998) have traced temperature variations
in a different way. They used the ratio between the 100 and 240 um DIRBE
images to measure a dust temperature for each DIRBE pixel. The important
question left open by both analyses is the origin of the temperature variations.
Do they trace variations in the intensity of the heating stellar radiation field or
variations in dust properties? An answer to this question is being provided by
observations with higher angular resolution.
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Balloon borne sub-mm observations are bringing additional evidence for
the existence of cold dust associated with molecular clouds of moderate visible
opacity (e.g., Figure 3, Bernard et al.1999; Stepnik et al. 2001). With the few
arcminutes resolution of these observations, it is possible to model the effect of
the radiation field attenuation, associated with dust extinction, on dust tem-
peratures. By combining the IR data with Ay measurements in a model of IR
emission from clouds, Bernard et al. and Stepnik et al. convincingly show that
the cold dust temperatures cannot be accounted for by the attenuation of the
interstellar radiation field. They conclude that a variation in the ratio between
dust far-IR emissivity and visible opacity by a factor of 3 is required to explain
the cold dust temperatures in the Taurus and Polaris clouds. For the Polaris
cloud, the same change in emissivity is inferred from the comparison of dust
far-IR opacities with Ay values derived from star counts (Cambresy et al. 2001).
These variations in the Tprr/Ay ratio questions the validity of the Ay map de-
rived from dust opacities by Schlegel et al. 1998 in regions of moderate opacity
(Avy ~ 1 and higher) where cold dust is present.

5. Conclusion

IR and sub-mm observations from space and balloons are prompting much
progress in our understanding of the emission from interstellar dust at far-IR
and sub-mm wavelengths. This progress has been associated with the discovery
of the CFIRB. It contributes to our understanding of the nature of dust grains
and their evolution with physical conditions in the interstellar medium. This un-
derstanding will ultimately also be important to achieve the optimal sensitivity
in studies of the structure of the cosmic microwave background.

References

Abergel, A., et al. 1994, ApJ, 423, L59

Arendt, R. G., Odegard, N., Weiland, J. L., et al. 1998, ApJ, 508, 74
Bernard, J.-P., Boulanger, F., & Puget, J.-L. 1993, A&A, 277, 609
Bernard, J. P., Abergel, A., Ristorcelli, I., et al. 1999, A&A, 347, 640
Boulanger, F., & Pérault, M. 1988, ApJ, 330, 964

Boulanger, F., Falgarone, E., Puget, J.-L., & Helou, G. 1990, ApJ, 364, 136
Boulanger, F., Abergel, A., Bernard, J.-P., et al. 1996, A&A, 312, 256

Cambresy, L., Boulanger, F., Lagache, G., & Stepnik, B. 2001, submitted to
A&A

Draine, B. T., & Lee, H. M. 1984, ApJ, 285, 89

Finkbeiner, D. P., Davis, M., & Schlegel, D. J. 1999, ApJ, 524, 867

Hauser, M. G., Arendt, R. G., Kelsall, T, et al. 1998, ApJ, 508, 25

Jones, A. P., Tielens, A. G. G. M., & Hollenbach, D. J. 1996, ApJ, 469, 740
Jones, A. P. 2001, submitted to A&A

Kogut, A., Banday, A., & Bennett, C. L. 1996, ApJ, 464, L5

Kogut, A. 1997, AJ, 114, 1127

https://doi.org/10.1017/5S0074180900225874 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900225874

Galactic Far-Infrared Diffuse Emission 55

Lagache, G., Abergel, A., Boulanger, F., & Puget, J.-L. 1998, A&A, 333, 709
Lagache, G., Abergel, A., Boulanger, F., et al. 1999, A&A, 344, 322

Lagache, G., Haffner, L. M., Reynolds, R. J., & Tufte, S. L. 2000, A&A, 354,
247

Laureijs, R., Clark, F. O., & Prusti, T. 1991, A&A, 372, 185
McCullough, P. R. 1997, AJ, 113, 2186

Meyerdierks, H., & Heithausen, A. 1996, A&A, 313, 929

Puget, J. L., Abergel, A., Bernard, J. P., et al. 1996, A&A, 308, L5
Reach, W. T., Dwek, E., Fixsen, D. J., et al. 1995, ApJ, 451, 188
Reynolds, R. J. 1989, ApJ, 339, L29

Savage, B. D., Bohlin, R. C., Drake, J. F., & Budich, W. 1977, ApJ, 216, 291
Savage, B. D., & Sembach, K. R. 1996, ARAA, 34, 279

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525
Stepnik, B., et al. 2001, submitted to A&A

Wright, E. L., Mather, J. C., Bennett, C. L., et al. 1991, ApJ, 381, 200

https://doi.org/10.1017/5S0074180900225874 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900225874

	J-CUSP0005-0199.pdf
	0000fm01
	0000fm02
	0000fm03
	0000fm04
	0000fm05
	0000fm06
	0000fm07
	0000fm08
	0000fm09
	0000fm10
	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114
	0115
	0116
	0117
	0118
	0119
	0120
	0121
	0122
	0123
	0124
	0125
	0126
	0127
	0128
	0129
	0130
	0131
	0132
	0133
	0134
	0135
	0136
	0137
	0138
	0139
	0140
	0141
	0142
	0143
	0144
	0145
	0146
	0147
	0148
	0149
	0150
	0151
	0152
	0153
	0154
	0155
	0156
	0157
	0158
	0159
	0160
	0161
	0162
	0163
	0164
	0165
	0166
	0167
	0168
	0169
	0170
	0171
	0172
	0173
	0174
	0175
	0176
	0177
	0178
	0179
	0180
	0181
	0182
	0183
	0184
	0185
	0186
	0187
	0188
	0189
	0190
	0191
	0192
	0193
	0194
	0195
	0196
	0197
	0198
	0199
	0200
	0201
	0202
	0203
	0204
	0205
	0206
	0207
	0208
	0209
	0210
	0211
	0212
	0213
	0214
	0215
	0216
	0217
	0218
	0219
	0220
	0221
	0222
	0223
	0224
	0225
	0226
	0227
	0228
	0229
	0230
	0231
	0232
	0233
	0234
	0235
	0236
	0237
	0238
	0239
	0240
	0241
	0242
	0243
	0244
	0245
	0246
	0247
	0248
	0249
	0250
	0251
	0252
	0253
	0254
	0255
	0256
	0257
	0258
	0259
	0260
	0261
	0262
	0263
	0264
	0265
	0266
	0267
	0268
	0269
	0270
	0271
	0272
	0273
	0274
	0275
	0276
	0277
	0278
	0279
	0280
	0281
	0282
	0283
	0284
	0285
	0286
	0287
	0288
	0289
	0290
	0291
	0292
	0293
	0294
	0295
	0296
	0297
	0298
	0299
	0300
	0301
	0302
	0303
	0304
	0305
	0306
	0307
	0308
	0309
	0310
	0311
	0312
	0313
	0314
	0315
	0316
	0317
	0318
	0319
	0320
	0321
	0322
	0323
	0324
	0325
	0326
	0327
	0328
	0329
	0330
	0331
	0332
	0333
	0334
	0335
	0336
	0337
	0338
	0339
	0340
	0341
	0342
	0343
	0344
	0345
	0346
	0347
	0348
	0349
	0350
	0351
	0352
	0353
	0354
	0355
	0356
	0357
	0358
	0359
	0360
	0361
	0362
	0363
	0364
	0365
	0366
	0367
	0368
	0369
	0370
	0371
	0372
	0373
	0374
	0375
	0376
	0377
	0378
	0379
	0380
	0381
	0382
	0383
	0384
	0385
	0386
	0387
	0388
	0389
	0390
	0391
	0392
	0393
	0394
	0395
	0396
	0397
	0398
	0399
	0400
	0401
	0402
	0403
	0404
	0405
	0406
	0407
	0408
	0409
	0410
	0411
	0412
	0413
	0414
	0415
	0416
	0417
	0418
	0419
	0420
	0421
	0422
	0423
	0424
	0425
	0426
	0427
	0428
	0429
	0430
	0431
	0432
	0433
	0434
	0435
	0436
	0437
	0438
	0439
	0440
	0441
	0442
	0443
	0444
	0445
	0446
	0447
	0448
	0449
	0450
	0451
	0452
	0453
	0454
	0455
	0456
	0457
	0458
	0459
	0460
	0461
	0462
	0463
	0464
	0465
	0466
	0467
	0468
	0469
	0470
	0471
	0472
	0473
	0474
	0475
	0476
	0477
	0478
	0479
	0480
	0481
	0482
	0483
	0484
	0485
	0486
	0487
	0488
	0489
	0490
	0491
	0492
	0493
	0494
	0495
	0496
	0497
	0498
	0499
	0500
	0501
	0502
	0503
	0504
	0505
	0506
	0507
	0508
	0509
	0510
	0511
	0512
	0513
	0514
	0515
	0516
	0517
	0518
	0519
	0520
	0521
	0522
	0523
	0524
	0525
	0526
	0527
	0528
	0529
	0530




