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The importance of dust
Small interstellar dust grains (0.01-0.1um)  - that sparsely populate the 
ISM and make up a tiny fraction of the mass budget - play a huge role 
in galaxy formation and evolution due to their ‘downconversion’ of UV-
light to IR/submm wavelengths
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ABSTRACT

We report 350 !m observations of 18 nearby luminous infrared galaxies (LIRGs) using the Submillimeter High
Angular Resolution Camera II (SHARC-II ) mounted on the Caltech Submillimeter Observatory (CSO) 10.4 m tele-
scope. Combining our 350 !mfluxmeasurements with the existing far-infrared (FIR) and submillimeter data, we fit a
single-temperature model to the spectral energy distributions (SEDs) and find the dust temperatures, emissivity in-
dices, and FIR luminosities having samplemedians of Td ¼ 39:4" 7:9 K, " ¼ 1:6" 0:3, and LFIR ¼ 1011:2"0:6 L#.
An empirical inverse Td-" correlation, best described by Td ¼ 9:86 ; 109ð Þ1= 4:63þ"ð Þ, is established for the local LIRG
sample, which we argue can be explained by the intrinsic interdependence between the dust temperature and grain
emissivity index as physical parameters, as well as variations in grain properties in the interstellar medium (ISM).

Subject headinggs: dust, extinction — infrared: galaxies — submillimeter

1. INTRODUCTION

Interstellar dust grains are small particles ('0.01Y0.1 !m) that
sparsely populate the ISM. Although interstellar dust accounts for
only a very small fraction of the total mass in a galaxy, it plays crit-
ical roles in galaxy formation and evolution. Dust grains absorb
strongly in the ultraviolet (UV) and optical, leading to a signif-
icant fraction of stellar radiation within a galaxy being absorbed.
The warm grains subsequently emit strongly in the far-infrared/
submillimeter (FIR/submm), effectively downconverting the elec-
tromagnetic energy in various astrophysical environments. Obser-
vations of dust emission at FIR and submillimeter wavelengths are
crucial in probing physical conditions and star formation activity.

Emission and absorption-line features are generally weak in
the FIR/submm (Blain et al. 2003), leading to smooth FIR/submm
SEDs dominated by dust thermal continuum emission. However,
modeling of the FIR/submm SEDs observed in astronomical ob-
jects is far from trivial, as the observed emission spectrum is a
complex function of radiative transfer as well as distributions in
grain properties, such as composition, size, and shape, that affect
the way dust absorbs and emits radiation. In the simple case of a
uniform grain population, dust thermal emission is well approx-
imated by a graybody (modified blackbody) function (Hildebrand
1983)

S# ¼ !B#(Td)Q#; ð1Þ

where Td is the dust temperature, and Q# is the absorption coef-
ficient. Equation (1) implicitly incorporates Kirchhoff’s law, which
ensures the equality between the emissivity and the absorption
coefficient at all frequencies. In the FIR/submm,Q# ¼ Q0 # /#0ð Þ",
where Q0 is the absorption coefficient normalized at some refer-
ence frequency #0, and " is the emissivity index. 1 There are more
elaborate FIR/submm SED models that attempt to account for
multiple dust components and general optical depths. However,
the applications of such complexmodels are impractical when the
frequency sampling of the SED is limited. More importantly,
Blain et al. (2003) show that the added complexity, even if fea-

sible, generally does not lead to appreciable differences in con-
straining the observed FIR/submm SEDs. Note that the SED pa-
rameters estimated by adopting the single-temperature SED model
are effective, brightness-weighted average values from complex
mixtures of dust grains with different temperatures, properties,
and optical depths in the ISM.
Dust temperature profiles vary significantly for grain popula-

tionswith distinctly different radii (i.e., a few submicrons vs. tens
of angstroms). The very small grains (a ( 50 8) undergo large
temperature fluctuations on absorption of a photon (Sellgren
et al. 1985), while the larger ‘‘standard’’ grains reach equilibrium
temperatures, as determined by thermal equilibrium between
absorption of UV/optical photons and emission of FIR/submm
photons (Greenberg 1978), i.e.,
Z

UV=optical
$a2Q#cu# d# ¼ 4$

Z

FIR=submm

B#(Td)$a
2Q# d#; ð2Þ

where u# is the energy density of the incident radiation field.
To derive the exact solution to equation (2), one would need

to have accurate knowledge about the actualQ# values at all fre-
quencies, information that is lacking at present. At optical wave-
lengths we know Q# is relatively constant and near unity, and it
is generally assumed that on averageQ# ¼ 0:5 in the UV/optical
in the numerical integration of the left-hand side of equation (2)
(Martin 1978). While on the right-hand side of equation (2),
Q# ¼ Q0(# /#0)

" (by the definition of the emissivity index " ) at
FIR/submmwavelengths. For a uniform grain populationwe thus
have the approximate relation

Td /
F

Q0

! "1= 4þ"ð Þ
; ð3Þ

where F is the integrated incident flux defined as F )R
UV=optical cu# d#, characterizing the strength of the incident ra-
diation field. 2

1 A blackbody has absorption coefficientQ# ¼ 1 and emissivity index " ¼ 0
at all frequencies.

2 F ¼ (8$h#4
0 /c

2)Q0(kTd /h#0)
4þ""(4þ")%(4þ"), where "(z)¼

R1
0 tz*1e*t dt

and %(s) ¼ 1/"(s)
R1
0 (t s*1)/(et * 1) dt are the gamma and Riemann % func-

tions, respectively. This formula is equivalent to that given by De Breuck et al.
(2003).
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Dust in distant galaxies
Submillimeter-selected galaxies: in the past decade submm/mm 
surveys have found a population of distant, highly dust-enshrouded IR-
luminous starburst galaxies 

SCUBA JCMT, Hawaii

• Forced the community to consider dust as an 
important component in the puzzle of galaxy 
formation and evolution 

QSOs and HzRGs: in some cases targeted submm/
mm observations have demonstrated the presence 
of vast amounts of extended, cold dust in these 
AGN-dominated systems
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1) Detailed modeling of the FIR/mm 
SEDs of galaxies is highly non-trivial! 

• radiative transfer
• large-scale geometry
• dust grain sizes, multiple 
components, compositions and 
shapes

2) Poor frequency sampling of the FIR/
mm SED. Typically less than a handful 
of photometry points - complicating 
even a simple modeling of the dust 
properties

3) Lack of spatially resolved dust 
emission on <1kpc, only exist for 
nearby sources

Challenges

Atmospheric transmission vs. frequency
  



Typical approach: assume a uniform 
grain population, the emission is well-
approximated by a (modified) black 
body law:

Some physical motivation for adding a dust opacity and not simply 
consider optically thin model

This means 4 parameters to fit

These are effective, brightness-weighted average values from complex 
mixtures of dust  grains with different properties (temperature, opacities etc)

The modified black body law!"#$%&&%$'()'*)+,%- )',./%0( %1,%2+(-). !"#

$%&'()*+(,*%$ %- ,./ &(0*% ($0 -(&1*$-&(&/0 23/4,&( 0/3/$02 %$ ,./

052, ,/'3/&(,5&/ 3 62// 7*89 :;9 </4(52/ ,./ -(&1*$-&(&/0=&(0*%

4%&&/)(,*%$ *2 0/-*$/0 (, 4 ! >? ,./ *$4&/(2*$8 @A<B ,/'3/&(,5&/

(, .*8./& &/02.*-,2? 0*24522/0 (C%D/? (--/4,2 ,./ EFG *$ ,./ -(&1

*$-&(&/0 H(D/C($0 C5, $%, *$ ,./ &(0*% H(D/C($09 I./ -5))

/J3&/22*%$ -%& ,./ -)5J 0/$2*,K %- ( 8()(JK (, &/02.*-, 4 (, ($

%C2/&D*$8 -&/L5/$4K ! *2?

!! " #$M!#!M!>
">!N% & M>

"O'#:!"P0 "IQ+$3>%! 0 O IQ+$3>%'

&
!$M! 4%

M!RSQ+

! ""&(0*%

! 0 !$M!4%#3$4%'

#

0 (!$3>% 0!
(

#

0 (!#3$4%' 0!
(
! $R%

0"IQ+ ($0 0OIQ+ (&/ ,./ -)5J 0/$2*,*/2 %C,(*$/0 (-,/& *$,/8&(,*$8 ,./

EFG 0! (4&%22 ,./ N>1 ($0 M>>1#' 567! 3(22C($02 ($0 0*D*0*$8

CK ,./ C($0H*0,.? &/23/4,*D/)K9 FL5(,*%$ 6R; 4($ C/ 52/0 ,% 3&/0*4,

,./ M9R1SQ+ ($0 P">1#' -)5J 0/$2*,*/2? H.*4. (&/ &/L5*&/0 ,%

*$D/2,*8(,/ ,./ &/)*(C*)*,K %- ,./ &(0*%=25C'*))*'/,&/ -)5J 0/$2*,K

&(,*% (2 ( &/02.*-, *$0*4(,%&9 I./ 25C,)/ '%0*-*4(,*%$ *$,&%054/0 ,%

,./ &(,*% CK ,./ 8&/(,/& @A<B ,/'3/&(,5&/ (, .*8. &/02.*-,2 *2

*$4)50/09 I.*2 4%&&/4,*%$ *2 /J3/4,/0 ,% C/ '%2, 2*8$*-*4($, -%&

/*,./& 4%%) 8()(J*/2 H*,. 3> # :>T %& D/&K .*8.1&/02.*-, 8()(J*/2

(, 4 $ M>9

! "#$%&'()#')%*

S()(J*/2 H*,. ( &($8/ %- 0*--/&/$, 052, ,/'3/&(,5&/2 .(D/ -)5J

0/$2*,K &(,*%2 ,.(, )*/ %$ ,./ -(&1*$-&(&/0=&(0*% 4%&&/)(,*%$9 I.*2 *2

C/4(52/ ,./ -(&1*$-&(&/0 -)5J 0/$2*,*/2 *$ ,./ 4%&&/)(,*%$ 6/L5(,*%$

M; (&/ /D()5(,/0 (, N>1 ($0 M>>1#'? H(D/)/$8,.2 4)%2/ ,% ,./ 3/(U

%- ,./ EFG %- ( ,K3*4() 052,K 8()(JK9 Q/$4/? 2.*-,*$8 ,./ 3%2*,*%$

%- ,./ 3/(U %- ,./ EFG? CK 4.($8*$8 ,./ 052, ,/'3/&(,5&/ 3? '(U/2

)*,,)/ 0*--/&/$4/ ,% ,./ C%)%'/,&*4 -(&1*$-&(&/0 -)5J 0/$2*,K ($0 ,.52

,% ,./ -(&1*$-&(&/0=&(0*% -)5J 0/$2*,K &(,*%9 I.*2 H/(U ,/'3/&(,5&/

0/3/$0/$4/ *2 *))52,&(,/0 *$ 7*89 :? *$ H.*4. ,./ 4%$2,($, %-

3&%3%&,*%$()*,K *$ ,./ -(&1*$-&(&/0=&(0*% 4%&&/)(,*%$ 6/L5(,*%$ M; *2

2.%H$ (2 ( -5$4,*%$ %- 052, ,/'3/&(,5&/ 39 I./ &(0*% -)5J 0/$2*,K

*2 (225'/0 ,% C/ 3&%3%&,*%$() ,% ,./ C%)%'/,&*4 -(&1*$-&(&/0

)5'*$%2*,K? ($0 ,./ -(&1*$-&(&/0 EFG *2 (225'/0 ,% ,(U/ ,./ -%&'

2.%H$ *$ 7*89 M? H*,. $ ! M!"9 I./ &(0*% -)5J 0/$2*,K *2 ,./$
0*D*0/0 CK ,./ -(&1*$-&(&/0 -)5J 0/$2*,K *$ ,./ N>1 ($0 M>>1#'

567! 3(22C($02 ,% K*/)0 ,./ 4%$2,($, %- 3&%3%&,*%$()*,K? H.*4. *2

(225'/0 ,% '(,4. ,./ 2,($0(&0 D()5/ %- M!# & M>"O /J(4,)K *-
3 ! ">T9 I./ .%&*+%$,() 0%,,/0 )*$/2 *$ 7*89 : 2.%H ,./

'(8$*,50/ %- ,./ %C2/&D/0 24(,,/& *$ ,./ /'3*&*4() -(&1*$-&(&/0=

&(0*% 4%&&/)(,*%$ 6@%$0%$ M!!:;9 Q/$4/? ,./ 0*23/&2*%$ *$ ,./

&/)(,*%$ /J3/4,/0 %H*$8 ,% 0*--/&/$, 052, ,/'3/&(,5&/2 ,.&%58.%5,

,./ H*0/ &($8/ -&%' :> ,% #>T *2 %$)K 4%'3(&(C)/ H*,. ,./

*$,&*$2*4 24(,,/& *$ ,./ 4%&&/)(,*%$9

Q%H/D/&? ,./ /--/4, %- '%0*-K*$8 /*,./& ,./ 052, ,/'3/&(,5&/ 3

%& ,./ /'*22*D*,K *$0/J $ %$ ,./ &(,*% %- ,./ -)5J 0/$2*,*/2 %- (

2,(&1-%&'*$8 8()(JK *$ ,./ 25C'*))*'/,&/ ($0 &(0*% H(D/C($02 *2

'54. 8&/(,/&? (2 2.%H$ CK ,./ -*D/ 0*--/&/$, '%0/) EFG2 *$ 7*89 O9

I.&// 0*--/&/$, 052, ,/'3/&(,5&/2 3 ! :>? R> ($0 N>T (&/

*$4)50/0? /(4. H*,. ($ /'*22*D*,K *$0/J $ ! M!"9 V$ (00*,*%$? ,./
EFG *2 4()45)(,/0 -%& ,./ 3 ! R>T '%0/) H*,. $ ! M!> ($0 :9>9
I./ 3&/0*4,/0 -%&'2 %- ,./ 25C'*))*'/,&/=&(0*% -)5J 0/$2*,K

&(,*% (2 ( -5$4,*%$ %- &/02.*-, -%& ()) -*D/ %- ,./ ,/'3)(,/ EFG2

2.%H$ *$ 7*89 O (&/ 4()45)(,/0 52*$8 /L5(,*%$ 6R; ($0 2.%H$ *$

7*89 R6(;9 I./ &/25),2 %- @(&*))* W X5$ 6M!!!;? 4()45)(,/0 52*$8

/L5(,*%$ 6:;? (&/ ()2% 2.%H$ -%& 4%'3(&*2%$9 @(&*))* W X5$Y2

/L5(,*%$ 3&%D*0/2 ( 8%%0 0/24&*3,*%$ %- ,./ M9R1SQ+ZP">1#' -)5J

0/$2*,K &(,*% *- ,./ 052, ,/'3/&(,5&/ (, 4 ! >" 3> $ N>T9

Q%H/D/&? ,./ 3%2*,*%$2 %- ,./ 45&D/2 *$ 7*89 R6(; 4($ C/ L5*,/

0*--/&/$, *- ,./ 052, ,/'3/&(,5&/ 3> # N>T9 Q/$4/? ,./ &/02.*-,

,.(, H%5)0 C/ (22*8$/0 ,% ( 8()(JK 52*$8 ,./ M9R1SQ+ZP">1#'

-)5J 0/$2*,K &(,*% ()%$/? *$ ,./ (C2/$4/ %- U$%H)/08/ %- C%,. ,./

(33&%3&*(,/ 052, ,/'3/&(,5&/ ($0 /'*22*D*,K *$0/J? *2 D/&K

5$4/&,(*$9 I.*2 *2 ,&5/ /D/$ *- ,./ -(&1*$-&(&/0=&(0*% 4%&&/)(,*%$

*2 (225'/0 ,% C/ -&// -&%' ($K *$,&*$2*4 24(,,/&? ($0 ($K (00*,*%$()

4%$,&*C5,*%$ ,% ,./ &(0*% -)5J 0/$2*,K -&%' ($ (4,*D/ 8()(4,*4

$54)/52 6[S\; *2 $/8)/4,/09 I./ 24(,,/& *$ ,./ -(&1*$-&(&/0=&(0*%

4%&&/)(,*%$ *2 (C%5, >9: 0/J? ($0 C/4(52/ ,./ 3%H/&1)(H *$0/J %-

,./ )*$/2 *$ 7*89 R6(; *2 (C%5, ": (, 4 ! :? ($ (00*,*%$() >9M 0/J

6" :" 3/& 4/$,; 5$4/&,(*$,K H%5)0 C/ /J3/4,/09 E// @(&*))* W X5$

6M!!!; -%& ( 0*24522*%$ %- ,./ /--/4,2 %- [S\9

V, *2 *$,/&/2,*$8 ,% &/3)%, ,./ 45&D/2 *$ 7*89 R6(; (2 ( -5$4,*%$ %-

,./ 4%'C*$/0 &/02.*-,=052, ,/'3/&(,5&/ 3(&('/,/& $M! 4%#39
I.*2 *2 ,./ L5($,*,K ,.(, *2 4%$2,&(*$/0 CK '/(25&*$8 ,./ 3%2*,*%$

%- ,./ 3/(U %- ,./ ,./&'() 052, /'*22*%$ 4%'3%$/$, %- ,./ EFG CK

4%'C*$*$8 %C2/&D(,*%$2 *$ ,./ -(&1 ($0 '*01*$-&(&/0 H(D/C($02

6<)(*$ M!!!(;9 I./ &/25),2 (&/ 2.%H$ *$ 7*89 R6C;9 </4(52/ ,./

&(0*% -)5J 0/$2*,K *2 3&%054/0 CK ( $%$1,./&'() /'*22*%$

'/4.($*2'? ( '/(25&/'/$, %- ,./ 25C'*))*'/,&/=&(0*% -)5J

0/$2*,K &(,*% '*8., C/ /J3/4,/0 ,% C&/(U ,./ 0/8/$/&(4K C/,H//$

,/'3/&(,5&/ ($0 &/02.*-,9 Q%H/D/&? C/4(52/ ,./ 0*--/&/$4/2

C/,H//$ ,./ 45&D/2 *$ 7*89 R6C; (&/ $%, '54. 8&/(,/& ,.($ ,./

24(,,/& *$ ,./ -(&1*$-&(&/0=&(0*% 4%&&/)(,*%$? ,./ 0/8/$/&(4K

&/'(*$29

!+, -./0 01231450.41/ 67 8.2679./ 67:4541; <585=61/

]$4/&,(*$,*/2 *$ ,./ 052, ,/'3/&(,5&/ %- 25C'*))*'/,&/12/)/4,/0

8()(J*/2 4($ )/(0 ,% ( 2*8$*-*4($, 5$4/&,(*$,K *$ ,./ &/02.*-, ,.(,

H%5)0 C/ 0/&*D/0 -&%' ,./ &/)(,*%$2 2.%H$ *$ 7*89 R6(;9 ^.(, *2

U$%H$ (C%5, ,./ 052, ,/'3/&(,5&/2 %- 8()(J*/2 ($0 L5(2(&2_

V$ 23*&() 8()(J*/2? -%& /J('3)/ ,./ A*)UK (̂K 6E%0&%2U* /, ()9

M!!#; ($0 \S@ P!M 6[),%$ /, ()9 M!!P` V2&(/)? D($ 0/& /̂&- W

! M!!! B[E? A\B[E !>?? !""=!N>

@6<.41 !+ FJ('3)/2 %- EFG2 0/-*$/0 CK 0*--/&/$, D()5/2 %- ,./ 4 ! > 052,

,/'3/&(,5&/ 3> ($0 052, /'*22*D*,K *$0/J $ ? ()) $%&'()*+/0 ,% ,./ 2('/

-)5J 0/$2*,K (, N>#'9 I./ EFG2 (&/ D/&K 0*--/&/$, *$ ,./ 25C'*))*'/,&/

H(D/C($0? C5, D/&K 2*'*)(& (, C%,. -(&1*$-&(&/0 H(D/)/$8,.2 %- N> ($0

M>>#' ($0 *$ ,./ &(0*% H(D/C($09 I./ M9R1SQ+ZP">1#' -)5J 0/$2*,K

&(,*%2 3&/0*4,/0 *$ ()) -*D/ '%0/)2 2.%H$ ./&/ (&/ 4%'3(&/0 *$ 7*89 R9



Typical approach: assume a uniform 
grain population, the emission is well-
approximated by a (modified) black 
body law:

Some physical motivation for adding a dust opacity and not simply 
consider optically thin model

This means 4 parameters to fit

These are effective, brightness-weighted average values from complex 
mixtures of dust  grains with different properties (temperature, opacities etc)

The modified black body law



Further challenges: When fitting to only a few data-points there is 
significant correlation between Td and β

Fig. 3. An illustration of some of the issues involved in describing the SEDs of dusty
galaxies. On the left is a probability contour plot that shows the 0.5, 5 × 10−3 and
5 × 10−5 probability contours for a fit to an SED model defined by the variable
parameters β and Td with a fixed value of α = −1.95, taking into account four
SED datapoints for the galaxy NGC 958 as shown in the right-hand panel (Dunne
and Eales, 2001). Note that 1 Jy = 10−26 W m−2 Hz−1. Note that there is a very
significant degeneracy in the fitted parameters. Adding additional data points with
small errors close to the peak of the SED at 200µm reduces the extent of the
probability contours by about 50%, but they remain elongated in the same direction.
Note that β > 2 is not expected physically. On the right the data are compared
with fitted single-temperature SEDs. The solid line is the best fit to the data.
The dashed lines correspond to SEDs from the ends of the probability ‘banana’
shown in the left-hand panel. Note that without the 450-µm point, the thick dashed
curve describes the best-fit SED, which is defined by a significantly greater dust
temperature. This SED is similar to that of a typical luminous IR galaxy, whereas
the best fitting model with all four data points is much more like the SED of the
Milky Way. Note that the shift in the best-fit model on adding 450-µm data is
generally less significant than in this case.

served flux density distribution of galaxies in the far-IR and submm wave-
bands, which are sensitive to galaxies at low, moderate and high redshifts
(Blain et al., 1999b; Trentham et al., 1999; Barnard and Blain, 2002). Using
the ενBν functional form, values of β # 1.5 and Td # 40 K are required to
provide a good description of the data, rather similar to the values derived
for temperatures of individual low-redshift luminous dusty galaxies in Dunne
et al. (2000) and Lisenfeld et al. (2000), and for both the small number of
high-redshift submm-selected galaxies with known redshifts and mid-IR spec-
tral constraints (Ivison et al., 1998a, 2000a) and typical high-redshift QSOs
(for example Benford et al., 1999). These temperatures are significantly less
than those determined for the most extreme high-redshift galaxies (Lewis et
al., 1998), and significantly greater than the Td = 17K inferred from the
maps of the Milky Way made using the all-sky survey from the FIRAS in-
strument on the Cosmic Background Explorer (COBE) satellite in the early
1990’s (Reach et al., 1995). Note that there are examples of moderate-redshift
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Td - β degeneracy in SED fits



Despite the degeneracy between Td and β in SED fits there is empirical evidence for a 
real physical inverse relation between the two parameters. This may be used as a 
guide in parameter space when fitting SEDs.

Td dependence on β 

An empirical inverse Td-β relation 
(Yang et al. 2006)for each of the 14 local LIRGs. Furthermore, we assume flux

errors to be normally distributed and at a constant level of 20% at
all wavelengths.

Using the simulated values of Td , ! and measurement errors,
simulated photometric data are calculated at all FIR/submmwave-
lengths, where observed data are available for each of the 14
sources in our local LIRG sample. SED fitting of the simulated
photometric data for each source follows, yielding fitted values
of Td and !. We calculate nonparametric correlation coefficients
between the ‘‘real’’ (simulated) as well as the fitted values of Td
and ! in the sample.

The above steps are repeated many times (!10,000), and the
probability distribution function of the nonparametric correlation
coefficient between the dust temperature and emissivity index is
thereby established. As shown in Figure 5, "np of the simulated
Td-! show a distribution well approximated by a Gaussian func-
tion !N("0.01, 0.29), as can be expected from the central limit
theorem given that the simulated Td and ! are independent ran-
dom variables. By contrast, "np of the fitted Td-! roughly follows
a Gaussian distribution !N("0.14, 0.29), suggesting the SED
fitting procedure typically introduces a nonparametric Td-!
correlation coefficient at the level of "np ! "0:14, when Td and
! are in fact uncorrelated, given the SED frequency samplings of
our 14 local LIRGs in the FIR/submm/mm. Under the normal
distribution!N("0.14, 0.29), the observed Td-! correlation co-
efficient,"np ¼ "0:79, is significant at the level of (1" p$), where
p$ ! 1:20 ; 10"2. Hence, we deem the negative Td-! degeneracy
in the SEDfitting insufficient to explain the inverseTd-! correlation
observed in the local LIRG sample, and conclude that the ob-
served inverse Td-! correlation is real.

4.2. Functional Fitting

Based on physical considerations, particularly equation (3),
we fit the inverse Td-! correlation observed in our local LIRG
sample using the function

Td ¼ c
1= c2þ!ð Þ
1 : ð6Þ

The best fit to equation (6) is

Td ¼ 9:86 ; 109
! "1= 4:63þ!ð Þ

; ð7Þ

which provides a good fit to the dust temperatures and emissivity
indices estimated for our 14 local LIRGs, as shown in Figure 4.
We also try two alternative functional forms in which the dust
emissivity index is a power or hyperbolic function of the dust
temperature, i.e.,

! ¼ c1T
c2
d ; ð8Þ

! ¼ 1

c1 þ c2Td
: ð9Þ

The best fits to equations (8) and (9) are ! ¼ 82:37ð ÞT"1:07
d and

! ¼ 62:89/Td , respectively, and yield Td-! curves nearly iden-
tical to equation (7). Thus, we consider equation (7) as the best
description of the Td-! relation observed in the local LIRG sam-
ple. This Td-! relation is also tested in the SED fittings of a
ULIRG sample at intermediate redshifts (0:1P z P 1:0; Yang
2006), for which the incorporation of the Td-! relation (eq. [7])
leads to reasonable SED fits for the vast majority of the sources.
This provides strong support for an extension of the Td-! rela-
tion, as derived for our local LIRG sample to dusty galaxies in
the more distant universe.
For comparative purposes we also plot the Td-! relation given

by Dupac et al. (2003) as derived from multiband submillimeter
observations of a large sample of molecular clouds in the Galaxy
(Fig. 4). These authors reported a wide range of Td and ! values
estimated from SED fittings and found an inverse Td-! correla-
tion best fitted by a hyperbolic function ! ¼ 1/ 0:4þ 0:08ð ÞTd½ ).
Clearly, the Td-! correlation seen in the galactic molecular clouds
is significantly different from, in fact much flatter than, that ob-
served in our local LIRG sample, despite the agreement in qual-
itative trend.We note that theTd and ! estimates for themolecular
clouds are sometimes given by SED fittings without flux mea-
surements at wavelengths shortward of the SED peaks, which

TABLE 3

350 #m Flux and Derived Properties for the Local LIRG Sample

Source Name

S350
(Jy)

$350
(Jy)

Td
(K)

$(Td)
(K) ! $(! )

log LFIR
(L*)

logMd

(M*)

NGC 520.......................... 3.01 0.02 37.8 4.3 1.5 0.2 10.76 6.94

NGC 1614........................ 1.18 0.05 40.7 5.0 1.9 0.2 11.37 7.30

NGC 2339........................ 1.78 0.04 32.1 3.2 2.1 0.2 10.54 7.01

NGC 2388........................ 1.87 0.10 37.9 3.2 1.5 . . . 11.03 7.21

NGC 2623........................ 1.43 0.05 41.8 6.6 1.6 0.3 11.38 7.32

UGC 5101........................ 2.20 0.10 34.1 3.6 1.6 0.2 11.86 8.27

NGC 4102........................ 4.38 0.04 32.1 3.0 2.1 0.2 10.10 6.56

NGC 4194........................ 1.19 0.03 45.3 4.7 1.5 . . . 10.68 6.47

NGC 4418........................ 2.03 0.07 62.9 12.4 0.9 0.2 10.81 6.14

Mrk 231 ........................... 1.73 0.07 51.3 5.6 1.4 0.1 12.24 7.79

NGC 4818........................ 2.73 0.05 36.0 3.2 1.5 . . . 9.91 6.20

NGC 5135........................ 3.80 0.07 33.0 2.6 1.5 . . . 11.10 7.59

Mrk 273 ........................... 1.34 0.08 42.7 4.0 1.6 0.1 11.98 7.88

NGC 6000........................ 4.26 0.20 29.2 2.6 2.4 0.2 10.81 7.48

NGC 6240........................ 1.10 0.05 39.4 3.4 1.7 0.1 11.64 7.69

IC 5135 ............................ 2.16 0.10 35.5 3.9 1.6 0.2 11.17 7.49

NGC 7469........................ 2.23 0.20 42.3 6.9 1.3 0.3 11.35 7.31

Mrk 331 ........................... 1.69 0.04 41.5 6.5 1.4 0.3 11.29 7.30

Notes.—! ¼ 1:5 is assumed in the SED fitting for NGC 2388, NGC 4194, NGC 4818, and NGC 5135. The luminosity distance
used in the calculation of the FIR luminosity is derived from the redshift by assuming a flat cosmology with H0 ¼ 70 km s"1

Mpc"1, !m ¼ 0:30, and !" ¼ 0:70.

YANG & PHILLIPS288 Vol. 662

• Simple theoretical arguments favor a Td-β 
dependence

• Laboratory experiments supports this

• Dependence could be due to a mix of dust 
populations. Fx. β~3 have been found for 
grains covered in ice mantles (formed in cold 
dust), whereas β~1 is more typical for small 
grains (which are more easily heated)
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ABSTRACT

We report 350 !m observations of 18 nearby luminous infrared galaxies (LIRGs) using the Submillimeter High
Angular Resolution Camera II (SHARC-II ) mounted on the Caltech Submillimeter Observatory (CSO) 10.4 m tele-
scope. Combining our 350 !mfluxmeasurements with the existing far-infrared (FIR) and submillimeter data, we fit a
single-temperature model to the spectral energy distributions (SEDs) and find the dust temperatures, emissivity in-
dices, and FIR luminosities having samplemedians of Td ¼ 39:4" 7:9 K, " ¼ 1:6" 0:3, and LFIR ¼ 1011:2"0:6 L#.
An empirical inverse Td-" correlation, best described by Td ¼ 9:86 ; 109ð Þ1= 4:63þ"ð Þ, is established for the local LIRG
sample, which we argue can be explained by the intrinsic interdependence between the dust temperature and grain
emissivity index as physical parameters, as well as variations in grain properties in the interstellar medium (ISM).

Subject headinggs: dust, extinction — infrared: galaxies — submillimeter

1. INTRODUCTION

Interstellar dust grains are small particles ('0.01Y0.1 !m) that
sparsely populate the ISM. Although interstellar dust accounts for
only a very small fraction of the total mass in a galaxy, it plays crit-
ical roles in galaxy formation and evolution. Dust grains absorb
strongly in the ultraviolet (UV) and optical, leading to a signif-
icant fraction of stellar radiation within a galaxy being absorbed.
The warm grains subsequently emit strongly in the far-infrared/
submillimeter (FIR/submm), effectively downconverting the elec-
tromagnetic energy in various astrophysical environments. Obser-
vations of dust emission at FIR and submillimeter wavelengths are
crucial in probing physical conditions and star formation activity.

Emission and absorption-line features are generally weak in
the FIR/submm (Blain et al. 2003), leading to smooth FIR/submm
SEDs dominated by dust thermal continuum emission. However,
modeling of the FIR/submm SEDs observed in astronomical ob-
jects is far from trivial, as the observed emission spectrum is a
complex function of radiative transfer as well as distributions in
grain properties, such as composition, size, and shape, that affect
the way dust absorbs and emits radiation. In the simple case of a
uniform grain population, dust thermal emission is well approx-
imated by a graybody (modified blackbody) function (Hildebrand
1983)

S# ¼ !B#(Td)Q#; ð1Þ

where Td is the dust temperature, and Q# is the absorption coef-
ficient. Equation (1) implicitly incorporates Kirchhoff’s law, which
ensures the equality between the emissivity and the absorption
coefficient at all frequencies. In the FIR/submm,Q# ¼ Q0 # /#0ð Þ",
where Q0 is the absorption coefficient normalized at some refer-
ence frequency #0, and " is the emissivity index. 1 There are more
elaborate FIR/submm SED models that attempt to account for
multiple dust components and general optical depths. However,
the applications of such complexmodels are impractical when the
frequency sampling of the SED is limited. More importantly,
Blain et al. (2003) show that the added complexity, even if fea-

sible, generally does not lead to appreciable differences in con-
straining the observed FIR/submm SEDs. Note that the SED pa-
rameters estimated by adopting the single-temperature SED model
are effective, brightness-weighted average values from complex
mixtures of dust grains with different temperatures, properties,
and optical depths in the ISM.
Dust temperature profiles vary significantly for grain popula-

tionswith distinctly different radii (i.e., a few submicrons vs. tens
of angstroms). The very small grains (a ( 50 8) undergo large
temperature fluctuations on absorption of a photon (Sellgren
et al. 1985), while the larger ‘‘standard’’ grains reach equilibrium
temperatures, as determined by thermal equilibrium between
absorption of UV/optical photons and emission of FIR/submm
photons (Greenberg 1978), i.e.,
Z

UV=optical
$a2Q#cu# d# ¼ 4$

Z

FIR=submm

B#(Td)$a
2Q# d#; ð2Þ

where u# is the energy density of the incident radiation field.
To derive the exact solution to equation (2), one would need

to have accurate knowledge about the actualQ# values at all fre-
quencies, information that is lacking at present. At optical wave-
lengths we know Q# is relatively constant and near unity, and it
is generally assumed that on averageQ# ¼ 0:5 in the UV/optical
in the numerical integration of the left-hand side of equation (2)
(Martin 1978). While on the right-hand side of equation (2),
Q# ¼ Q0(# /#0)

" (by the definition of the emissivity index " ) at
FIR/submmwavelengths. For a uniform grain populationwe thus
have the approximate relation

Td /
F

Q0

! "1= 4þ"ð Þ
; ð3Þ

where F is the integrated incident flux defined as F )R
UV=optical cu# d#, characterizing the strength of the incident ra-
diation field. 2

1 A blackbody has absorption coefficientQ# ¼ 1 and emissivity index " ¼ 0
at all frequencies.

2 F ¼ (8$h#4
0 /c

2)Q0(kTd /h#0)
4þ""(4þ")%(4þ"), where "(z)¼

R1
0 tz*1e*t dt

and %(s) ¼ 1/"(s)
R1
0 (t s*1)/(et * 1) dt are the gamma and Riemann % func-

tions, respectively. This formula is equivalent to that given by De Breuck et al.
(2003).
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• Inferring the IR-luminosities and dust masses of galaxies is key to 
obtaining their starformation rates and evolutionary stage

IR-luminosities and dust masses

• Yet doing so means uncertainties in Td and β translate into similar or 
bigger uncertainties on LIR and Md

• In general one should therefore be somewhat cautious about quoting 
dust masses of (high-z) galaxies with the utmost confidence, other 
than as a comparative measure to distinguish galaxies

It is reasonable to assume that the mid-IR SED can be smoothly interpolated
from a modified blackbody function at low frequencies to a power-law fν ∝ να

in the mid-IR waveband on the high-frequency side of the spectral peak, in
order to prevent the high-frequency SED from falling exponentially with a
Wien spectrum. Hotter components of dust, emitting at shorter wavelengths,
and ultimately stellar emission in the near-IR waveband, are certain to be
present to reduce the steepness of the SED in the Wien regime. That an
exponential Wien spectrum is inappropriate can be seen from the well-defined
power-law mid-IR SEDs of Arp 220 and Mrk 231 shown in Fig. 2.

It is not always necessary to relate the SED fν and luminosity L of a galaxy
to the mass of dust Md that it contains; this can of worms can remain closed
by normalizing fν in a self-consistent way. However, if a dust mass is required,
perhaps in order to estimate the metal content of the ISM, and so provide
information about the integrated star-formation activity in the galaxy at ear-
lier times (Hughes et al., 1997; Omont et al., 2001), then it is conventional to
define a frequency-dependent mass-absorption coefficient κν (Draine and Lee,
1984; with units of m2 kg−1), which is proportional to εν . κν is the ‘effective
area’ for blackbody emission by a certain mass of dust,

L
fν

4π
∫

f ′
ν dν ′

= κνBνMd. (2)

Values of κν at a conventional frequency of around 1mm are in the range 0.04–
0.15 m2 kg−1 (Hughes, 1996). Recent comparisons of optical extinction and
submm emission from partially resolved edge-on spiral galaxies have tended
to give values of 0.05–0.4m2 kg−1 (see Fig. 4 of Alton et al., 2001). Domingue
et al. (1999) derive 0.09 m2 kg−1 from similar far-IR, optical and submm data.
Dunne et al. (2000) adopt a value of 0.077m2 kg−1. Note that there is at least
a factor of 3 uncertainty in these conversion factors.

An alternative dimensionless function Qν (Hildebrand, 1983) is sometimes
used, which includes information about the mass/volume and surface area of
a typical grain. If grains are assumed to be spherical (a big if), with bulk
density ρ, radius a, and an emissive cross section πa2, then κν = 3Qν/4aρ.
QνBν is the effective emissivity function describing the energy flux from unit
area of the dust grain surface. However, dust grains are more likely to be
irregular in shape, possibly colloidal or in the form of whiskers. In that case,
the emissivity per unit mass would be increased, and the dust mass associated
with a fixed luminosity would be overestimated.

This geometrical uncertainty will inevitably result in uncertainty about the
mass of dust. Hence, dust masses quoted in papers must be treated with cau-
tion, and may be best used as a comparative measure to distinguish galaxies.
In general, we will avoid quoting dust masses, as this is unlikely to provide a

12

Assumes spherical dust grains (a 
big if!)



• Increasing the redshift of a galaxy has the 
same effect on its measured submm colours 
as decreasing its dust temperature

Td-z degeneracy and phot-z’s
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• Combine several submm-bands to 
derive z and Td together

• Strongest lever from 200-1000um

• Large-format, multi-colour submm 
cameras (SCUBA-2, KIDS)

• Generous SED sampling combined 
with sophisticated phot-z techniques 
may ultimately provide unbiased 
redshift distribution



• 850um-selected SMGs vs. optically faint, 
radio-selected galaxies (OFRGs - Chapman et 
al. 2006), not detected at 850um

• OFRGs a new population of hot ULIRGs at 
   z > 1?

Selection effects: cool vs. hot 
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Figure 5. Far-IR luminosity and dust temperature as functions
of redshift (log scale), with the same symbols as in Fig. 4, with a
low redshift 350µm galaxy population overplotted for comparison
(Yang et al. 2007). Above, the 70µm has similar luminosities to
SMGs at the same redshifts. Below we highlight the poorly ex-
plored region (shaded region) in dust temperature with redshift.
The 70µm-selected sample begins to sample this unexplored area.

(Hainline et al. 2009). Those that are 70µm-detected are at
low-z and have higher luminosities than most SMGs at low
redshifts. To compare the SMG and SFRG populations, we
compare their 70µm detection rates. We limit this test to
z < 2 since the redshift selection functions for the popula-
tions differ (submm+radio selection and radio selection have
different redshift biases; see Chapman et al. 2005). This re-
moves most effects of redshift-bias from radio detection in
both samples. SMGs and SFRGs have similar radio lumi-
nosities, so the same fraction of each should be detected at
70µm if they have the same distributions in dust tempera-
ture. In GOODS-N, where the observations are deepest and
the most complete, 4/8 (50±25 percent) z<2 submm-faint
radio galaxies are detected at 70µm but only 1/14 (7±7
percent) of submm-bright radio galaxies (SMGs) are de-
tected (Chapman et al. 2005; Pope et al. 2006, 2008). The
Lockman Hole observations do not have nearly the depth as
those of GOODS-N and thus have fewer sources; however,
the statistics are consistent with the finding in GOODS-N,
with 3/7 (43±25 percent) submm-faint galaxies detected at
70µm and only 1/5 (20±20 percent) SMGs detected. There-
fore, in contrast to SMGs, galaxies selected by our method
(SFRG selection) are far more likely to be detected at 70µm
(30-50 percent).

4.4 Comparison to other IR Selection Techniques

Since the advent of Spitzer and other infrared observatories,
the population of dusty galaxies studied at high redshift has

Figure 6. A composite spectrum of the six star forming, 70µm
detected, hot dust ULIRGs relative to a composite SED for a
sub-sample of SMGs with < z >=1.5. We select several sub-
samples of SMGs all with mean redshift 1.5 to mimic the redshift
distribution of the hot-dust ULIRGs. The average flux densities
for hot-dust ULIRGs are 6.4mJy at 70µm, <2mJy at 850µm and
50µJy at 20 cm. The flux density points for SMGs are <1.5mJy
at 70µm, 7mJy at 850µm and 60µJy at 20cm. The red and blue
vertical bands illustrate the range of peak fluxes corresponding
to two temperature regimes; blue represents 36±7K and submm
detected, while red represents 52±10K. Note that at 350µm, both
samples of 70µm and 850µm galaxies would be equally easy to
detect.

grown substantially. Many of these galaxies are more bolo-
metrically luminous than typical UV-selected galaxies, but
they may be poorly understood as a population due to faint-
ness in the optical. Furthermore, the optical counterparts
for 850µm and 70µm sources are not easily identified due to
the ∼12-20′′ beam size; for these reasons, substantial por-
tions of SMGs and ULIRGs have no redshift identification.
Similar problems exist for other IR-selected galaxies. Here,
we contrast the hot dust ULIRGs in this paper to other
infrared-selected, dusty galaxy populations at z ∼ 2, noting
potential overlap of selection techniques.

To circumvent the problems that arise from FIR selec-
tion (increased beam size and poor sensitivity limits), many
dusty galaxies are selected in the mid-IR by their observed
24µm flux densities. However, the selection of dusty star-
forming LIRGs and ULIRGs through mid-IR 24µm contin-
uum diagnostics is frequently contaminated by power law
emission from AGN, and inferring star formation properties
can require large correction factors to bolometric luminosity
(e.g. Dale et al. 2005; Papovich et al. 2005). All eight galax-
ies in our sample are classified as Dust Obscured Galaxies
(DOGs; Dey et al. 2008; Pope et al. 2008); however, the se-
lection criteria of DOGs is so broad that without detailed
additional information (the radio maps, FIR detections and
non-detections, and near-IR photometry) it is difficult to un-
derstand the importance or evolutionary significance of this
classification. We further emphasize that 3/8 specimens in
our 70µm sample have S24 <300µJy (and are only selected
as DOGs under the selection described by Pope et al.), re-
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• Submm observations of z~1-3 
galaxies have a strong bias towards cool 
systems 

• Our knowledge about the z > 1 ULIRG 
population is still incomplete

• Herschel, SCUBA-2 combined with 
deep radio observations will help remedy 
the situation



• Obtaining robust FIR/submm SEDs is still extremely hard 
work - especially at high-z

•  Better frequency sampling is needed on both sides of the 
dust peak

•  As is spatially resolved observations in order to disentangle 
hot dust from cold dust

•  This will result in much more accurate dust masses, IR 
luminosities, star formation rate etc, but is unlikely to shield 
much light on the microscopic properties of the dust 
(composition, shape etc)

•  Photometric redshifts based on submm colours as well as 
our ability to select high-z dust-enshrouded galaxies an a Td-
independent way is hampered by the the Td-z degeneracy and 
the sensitivity limits on current submm cameras 

• ALMA, Herschel, SCUBA-2 combined with up-coming radio 
facilities will drastically improve the situation

Summary



Looking to the immediate future 

HST/WFPC2
Stars

OVRO
CO(2-1) Gas

ISOCAM
Warm dust

CSO/SHARC-2
Cold dust

SFR=10M/yr
cm: Star formation, 

(sub)mm: 

Near-IR: 

Local Example:   The Antennae


