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How to connect stellar formation with the EBL?
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Star formation rate density (SFRD)
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Stellar emission from SPS
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Parameters
- Initial mass function (IMF)

Chabrier, Salpeter

-Metallicity (Z)
2 x Z⊙ - 5 x10-3 x Z⊙

-Dust absorption & reemission
Using IR SED from Chary & Elbaz 2001

-Code
Bruzual & Charlot 2003, Starburst 99

Fiducial model
-Chabrier IMF
- Z⊙

-Minimal dust abs./em. model 
matched to EBL UL limit 

-SFRD: β=0.3

with results from strong gravitational lensing5, which are restricted to
the galaxies with the largest velocity dispersions (s> 200 km s21).
Finally, that some large-(M/L)stars galaxies have IMF normalizations
more massive than the Salpeter normalization is broadly consistent
with the finding from the depths of spectral features of eight massive
galaxies8 which indicate that they must be dominated by a population
of dwarf stars.
If instead the largest (M/L)pop ratios were due to stellar remnants,

our results would be consistent with indirect arguments based on the
relation between the colour of a stellar population and its fraction of
ionizing photons, suggesting an IMF slope that becomes flatter for
more massive, star-forming galaxies26,27. However, our result is dif-
ficult to compare with this result directly, owing to the large difference
in the sample selections. Moreover, these studies26,27 measure the
instantaneous IMF, when the stars are forming, whereas all previous
studies we mentioned, and the one in this Letter, measure the ‘inte-
grated’ galaxy IMF resulting from the cumulative history of star forma-
tion28 and evolutionary mechanisms that the galaxy has experienced.
The discovered trend in IMF is also consistent with previous find-

ings that the totalM/L ratio in the centre of galaxies varies by a factor of
at least two more than would be expected for a stellar population with
constant dark matter fraction and a universal IMF3. Various previous
attempts could not distinguish whether the mass discrepancy was due
to non-universality of darkmatter or that of IMF4–7,29. The studieswere
limited either by small samples ornon-optimal data3,6, or used simplified
galaxy models that could bias the quantitative interpretation of the
results4,5,7,29. We resolve both of these issues in this Letter.
Our study demonstrates that the assumption of a universal IMF,

which is made in nearly every aspect of galactic astrophysics, stellar
populations and cosmology, is inconsistent with real galaxies. Our
results pose a challenge to galaxy formation models, which will have

to explain how stars ‘know’ what kind of galaxy they will end up inside.
A possible explanation would be for the IMF to depend on the pre-
vailing physical conditionswhen the galaxy formed the bulk of its stars.
Although galaxies merge hierarchically, there is growing evidence that
present-day, massive, early-type galaxies formed most of their stars in
more-intense starbursts and at higher redshifts than spiral galaxies.
This could lead to the observed difference in IMF.Unfortunately, there
is no consensus among the theoretical models for how the IMF should
vary with physical conditions. A new generation of theoretical and
observational studies will have to provide insight into which physical
mechanisms are responsible for the systematic IMF variation we find.
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Figure 2 | Systematic variation of the IMF in early-type galaxies. Ratio
between the (M/L)stars values of the stellar component, determined using
dynamical models, and the (M/L)Salp values of the stellar population, measured
using stellar population models with a Salpeter IMF, as a function of (M/L)stars.
The black solid line is a locally weighted scatterplot smoothed version of the data.
Colours indicate the galaxies’ stellar velocity dispersion (se), which is related to
galaxy mass. The horizontal lines indicate the expected values for the ratio if the
galaxy had (i) a Chabrier IMF (red dash–dot line); (ii) a Kroupa IMF (green
dashed line); (iii) a Salpeter IMF (x522.3, solid magenta line) or one of two
additional power-law IMFswith (iv)x522.8 and (v)x521.5 (bluedotted line).
Thedifferentpanels correspond todifferent assumptions for thedarkmatter halos
used in the dynamical models: details are given in Table 1. A clear curved relation

is visible in all panels. Panels a,b and e lookquite similar, as for all of themthedark
matter contributes only a small fraction (zero in a and a median of 12% in b and
e) of the total mass inside a sphere with the projected size of the region where we
have kinematics (about one projected half-light radius). Panel f, with a fixed
contracted halo, still shows the same IMF variation, but is almost systematically
lower in (M/L)stars by 35%, reflecting the increase in darkmatter fraction. The two
ellipses plotted over the smooth relation ind show the representative 1s errors for
one measurement at the given locations. We excluded from the plot the galaxies
with a very young stellar population (selected as having an Hb absorption line
strength.2.3 Å). These galaxies have strong radial gradients in their populations,
which violates our assumption that all our variousM/L values are spatially
constant and makes both (M/L)Salp and (M/L)stars inaccurate.
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Figure 3. Average metallicity for different stellar masses, as in Fig. 1 except
for star-forming gas rather than stars.

Figure 4. Same as Fig. 3 but for a total fractional spectral flux weighted
average.

range is relatively flat as a function of redshift, with variations of
0.1–0.2 dex for each mass range. Note that a similar trend is found
for a light-weighted plot. We can compare the metallicity history
recovered here with that of the SEAGal group (Cid Fernandes et al.
2007) using the STARLIGHT algorithm which shows the same
trend with mass we find plotted in the rest frame of the galaxies
rather than shifted to a common time bin and converted to redshift.

Our results compare favourably with the trends observed in the
high-redshift progenitors of our low-redshift sample by Maiolino
et al. (2008). If we look at their fig. 8 and compare their abundance
as a function of redshift for a stellar mass of 1 × 1010 M" with our
green line in Figs 1–3, we find that their abundance values at z =
3 and 0.07 are log (Z/Z") = −0.51 and 0.24, assuming that 12 +
log(O/H)" = 8.66. Our values for the same redshift intervals are
−0.5 and 0.0, within 0.2 dex of their values, which is remarkable.
Our results can also be compared to those given in fig. 15 of Savaglio
et al. (2005), which gives abundance values at z = 3 and 0 of −0.26
and 0.24 but with data with intrinsic scatter of 0.2 dex. We can
also compare at z = 2 using fig. 3 of Erb et al. (2006), which gives
log(Z/Z") of between −0.24 and −0.31 for the 1010 M" region,
consistent with our result of −0.3. We caution that any conclusions
are subject to model choice, as we explore in Section 8.

5 M A P P I N G T H E M E TA L L I C I T Y E VO L U T I O N
O F T H E U N I V E R S E

The SDSS-DR3 spectroscopic footprint covers 3732 deg2, roughly
10 per cent of the sky. We use the metallicity history of the galaxies
to create maps over this area of the enrichment history at differ-

ent epochs. We use the HEALPIX3 algorithm to determine equal
area patches on the sky, and calculate the mass-weighted average
metallicities for each patch and time bin as before. Fig. 5 shows
the mass-weighted metallicity maps for our four highest redshift
bins, smoothed with a boxcar filter of radius 2◦. Overplotted are the
locations of the brightest cluster Galaxies (BCGs) from the SDSS
C4 catalogue (Miller et al. 2005), used to represent the distribution
of cluster galaxies on the sky. It is clear by eye that in many regions
the crosses follow the regions of higher metallicity.

For areas of the footprint where cluster galaxies exist, a cross-
correlation analysis between mass-weighted average gas metallicity
and the number of cluster members in cells reveals strong correlation
between the three oldest bins z = 0.456, 1.21 and 3.64 and the
number of cluster galaxies4 (see Tables 1 and 2). It would appear
that, as stated in Sheth et al. (2006), metallicity is strongly correlated
with environment – this can be interpreted as the seeds of clusters
being the seeds of metal enrichment in the universe. Note that
the overall level of enrichment in the map at z = 3.64 is very
homogeneous at around the solar metallicity value, while at z =
0.187 there is much more variation. If we assume that metallicity
is an indicator of environment, this offers a tantalizingly glimpse of
the growth in the influence of dark matter structure, only visible by
examining the huge volume at high (temporal rather than spatial)
redshift offered by the fossil record.

It will be interesting to cross-correlate these maps with the up-
coming Sunyaev Zel’dovich effect experiments which will detect
clusters of galaxies at higher redshift. The larger variations in the
lowest redshift map probably reflect the change in sampling to less
massive galaxies, as these are those in the sample which are likely
to have a high fraction of younger SF.

6 TH E AV E R AG E M A S S – M E TA L L I C I T Y
RELATI ON

We now turn our attention to the local mass–metallicity relation
for the SDSS galaxy population to understand its origin and time
evolution.

Fig. 6 shows the mass–metallicity relation for 312 815 galaxies
in the DR3 main Galaxy sample. In this case, we calculate the mass
fraction weighted metallicity, i.e. for an individual galaxy the metal-
licity is calculated by weighting the bin metallicities by the observed
fraction of mass in that bin. The three solid lines represent the 16th,
50th and 84th percentiles of the distribution. The first thing to note is
that there is a clear mass–metallicity relation: more massive galax-
ies harbour stars with higher metallicity. The average metallicity of
an L∗ galaxy is solar. For lower masses, the metallicity decreases
approximately by 0.5 dex for every dex in mass.

For galaxies with stellar masses of about 109 M", the aver-
age metallicity of the stars is 0.1 of the solar value. Note that
for masses larger than 1011 M", there is a flattening of the mass–
metallicity relation. The maximum value we obtain for the mass–
metallicity relation is 1.1 Z". The spread in the relation is also
smaller at higher masses (0.15 dex) and grows at smaller masses
(0.5 dex).

There is a break around M∗ = 1010 M", below which the disper-
sion around the median value increases, and a much wider range of
metallicities is recovered for a given mass. This can be interpreted

3 Details of the HEALPIX package are available from http://healpix.
jpl.nasa.gov.
4 NB: we correlate with cluster members, not BCGs.
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Stellar emission from SPS
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Parameters
- Initial mass function (IMF)

Chabrier, Salpeter

-Metallicity (Z)
2 x Z⊙ - 5 x10-3 x Z⊙

-Dust absorption & reemission
Using IR SED from Chary & Elbaz 2001

-Code
Bruzual & Charlot 2003, Starburst 99

Fiducial model
-Chabrier IMF
- Z⊙

-Minimal dust abs./em. model 
matched to EBL UL limit 

-SFRD: β=0.3

with results from strong gravitational lensing5, which are restricted to
the galaxies with the largest velocity dispersions (s> 200 km s21).
Finally, that some large-(M/L)stars galaxies have IMF normalizations
more massive than the Salpeter normalization is broadly consistent
with the finding from the depths of spectral features of eight massive
galaxies8 which indicate that they must be dominated by a population
of dwarf stars.
If instead the largest (M/L)pop ratios were due to stellar remnants,

our results would be consistent with indirect arguments based on the
relation between the colour of a stellar population and its fraction of
ionizing photons, suggesting an IMF slope that becomes flatter for
more massive, star-forming galaxies26,27. However, our result is dif-
ficult to compare with this result directly, owing to the large difference
in the sample selections. Moreover, these studies26,27 measure the
instantaneous IMF, when the stars are forming, whereas all previous
studies we mentioned, and the one in this Letter, measure the ‘inte-
grated’ galaxy IMF resulting from the cumulative history of star forma-
tion28 and evolutionary mechanisms that the galaxy has experienced.
The discovered trend in IMF is also consistent with previous find-

ings that the totalM/L ratio in the centre of galaxies varies by a factor of
at least two more than would be expected for a stellar population with
constant dark matter fraction and a universal IMF3. Various previous
attempts could not distinguish whether the mass discrepancy was due
to non-universality of darkmatter or that of IMF4–7,29. The studieswere
limited either by small samples ornon-optimal data3,6, or used simplified
galaxy models that could bias the quantitative interpretation of the
results4,5,7,29. We resolve both of these issues in this Letter.
Our study demonstrates that the assumption of a universal IMF,

which is made in nearly every aspect of galactic astrophysics, stellar
populations and cosmology, is inconsistent with real galaxies. Our
results pose a challenge to galaxy formation models, which will have

to explain how stars ‘know’ what kind of galaxy they will end up inside.
A possible explanation would be for the IMF to depend on the pre-
vailing physical conditionswhen the galaxy formed the bulk of its stars.
Although galaxies merge hierarchically, there is growing evidence that
present-day, massive, early-type galaxies formed most of their stars in
more-intense starbursts and at higher redshifts than spiral galaxies.
This could lead to the observed difference in IMF.Unfortunately, there
is no consensus among the theoretical models for how the IMF should
vary with physical conditions. A new generation of theoretical and
observational studies will have to provide insight into which physical
mechanisms are responsible for the systematic IMF variation we find.
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Figure 2 | Systematic variation of the IMF in early-type galaxies. Ratio
between the (M/L)stars values of the stellar component, determined using
dynamical models, and the (M/L)Salp values of the stellar population, measured
using stellar population models with a Salpeter IMF, as a function of (M/L)stars.
The black solid line is a locally weighted scatterplot smoothed version of the data.
Colours indicate the galaxies’ stellar velocity dispersion (se), which is related to
galaxy mass. The horizontal lines indicate the expected values for the ratio if the
galaxy had (i) a Chabrier IMF (red dash–dot line); (ii) a Kroupa IMF (green
dashed line); (iii) a Salpeter IMF (x522.3, solid magenta line) or one of two
additional power-law IMFswith (iv)x522.8 and (v)x521.5 (bluedotted line).
Thedifferentpanels correspond todifferent assumptions for thedarkmatter halos
used in the dynamical models: details are given in Table 1. A clear curved relation

is visible in all panels. Panels a,b and e lookquite similar, as for all of themthedark
matter contributes only a small fraction (zero in a and a median of 12% in b and
e) of the total mass inside a sphere with the projected size of the region where we
have kinematics (about one projected half-light radius). Panel f, with a fixed
contracted halo, still shows the same IMF variation, but is almost systematically
lower in (M/L)stars by 35%, reflecting the increase in darkmatter fraction. The two
ellipses plotted over the smooth relation ind show the representative 1s errors for
one measurement at the given locations. We excluded from the plot the galaxies
with a very young stellar population (selected as having an Hb absorption line
strength.2.3 Å). These galaxies have strong radial gradients in their populations,
which violates our assumption that all our variousM/L values are spatially
constant and makes both (M/L)Salp and (M/L)stars inaccurate.
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Figure 3. Average metallicity for different stellar masses, as in Fig. 1 except
for star-forming gas rather than stars.

Figure 4. Same as Fig. 3 but for a total fractional spectral flux weighted
average.

range is relatively flat as a function of redshift, with variations of
0.1–0.2 dex for each mass range. Note that a similar trend is found
for a light-weighted plot. We can compare the metallicity history
recovered here with that of the SEAGal group (Cid Fernandes et al.
2007) using the STARLIGHT algorithm which shows the same
trend with mass we find plotted in the rest frame of the galaxies
rather than shifted to a common time bin and converted to redshift.

Our results compare favourably with the trends observed in the
high-redshift progenitors of our low-redshift sample by Maiolino
et al. (2008). If we look at their fig. 8 and compare their abundance
as a function of redshift for a stellar mass of 1 × 1010 M" with our
green line in Figs 1–3, we find that their abundance values at z =
3 and 0.07 are log (Z/Z") = −0.51 and 0.24, assuming that 12 +
log(O/H)" = 8.66. Our values for the same redshift intervals are
−0.5 and 0.0, within 0.2 dex of their values, which is remarkable.
Our results can also be compared to those given in fig. 15 of Savaglio
et al. (2005), which gives abundance values at z = 3 and 0 of −0.26
and 0.24 but with data with intrinsic scatter of 0.2 dex. We can
also compare at z = 2 using fig. 3 of Erb et al. (2006), which gives
log(Z/Z") of between −0.24 and −0.31 for the 1010 M" region,
consistent with our result of −0.3. We caution that any conclusions
are subject to model choice, as we explore in Section 8.

5 M A P P I N G T H E M E TA L L I C I T Y E VO L U T I O N
O F T H E U N I V E R S E

The SDSS-DR3 spectroscopic footprint covers 3732 deg2, roughly
10 per cent of the sky. We use the metallicity history of the galaxies
to create maps over this area of the enrichment history at differ-

ent epochs. We use the HEALPIX3 algorithm to determine equal
area patches on the sky, and calculate the mass-weighted average
metallicities for each patch and time bin as before. Fig. 5 shows
the mass-weighted metallicity maps for our four highest redshift
bins, smoothed with a boxcar filter of radius 2◦. Overplotted are the
locations of the brightest cluster Galaxies (BCGs) from the SDSS
C4 catalogue (Miller et al. 2005), used to represent the distribution
of cluster galaxies on the sky. It is clear by eye that in many regions
the crosses follow the regions of higher metallicity.

For areas of the footprint where cluster galaxies exist, a cross-
correlation analysis between mass-weighted average gas metallicity
and the number of cluster members in cells reveals strong correlation
between the three oldest bins z = 0.456, 1.21 and 3.64 and the
number of cluster galaxies4 (see Tables 1 and 2). It would appear
that, as stated in Sheth et al. (2006), metallicity is strongly correlated
with environment – this can be interpreted as the seeds of clusters
being the seeds of metal enrichment in the universe. Note that
the overall level of enrichment in the map at z = 3.64 is very
homogeneous at around the solar metallicity value, while at z =
0.187 there is much more variation. If we assume that metallicity
is an indicator of environment, this offers a tantalizingly glimpse of
the growth in the influence of dark matter structure, only visible by
examining the huge volume at high (temporal rather than spatial)
redshift offered by the fossil record.

It will be interesting to cross-correlate these maps with the up-
coming Sunyaev Zel’dovich effect experiments which will detect
clusters of galaxies at higher redshift. The larger variations in the
lowest redshift map probably reflect the change in sampling to less
massive galaxies, as these are those in the sample which are likely
to have a high fraction of younger SF.

6 TH E AV E R AG E M A S S – M E TA L L I C I T Y
RELATI ON

We now turn our attention to the local mass–metallicity relation
for the SDSS galaxy population to understand its origin and time
evolution.

Fig. 6 shows the mass–metallicity relation for 312 815 galaxies
in the DR3 main Galaxy sample. In this case, we calculate the mass
fraction weighted metallicity, i.e. for an individual galaxy the metal-
licity is calculated by weighting the bin metallicities by the observed
fraction of mass in that bin. The three solid lines represent the 16th,
50th and 84th percentiles of the distribution. The first thing to note is
that there is a clear mass–metallicity relation: more massive galax-
ies harbour stars with higher metallicity. The average metallicity of
an L∗ galaxy is solar. For lower masses, the metallicity decreases
approximately by 0.5 dex for every dex in mass.

For galaxies with stellar masses of about 109 M", the aver-
age metallicity of the stars is 0.1 of the solar value. Note that
for masses larger than 1011 M", there is a flattening of the mass–
metallicity relation. The maximum value we obtain for the mass–
metallicity relation is 1.1 Z". The spread in the relation is also
smaller at higher masses (0.15 dex) and grows at smaller masses
(0.5 dex).

There is a break around M∗ = 1010 M", below which the disper-
sion around the median value increases, and a much wider range of
metallicities is recovered for a given mass. This can be interpreted

3 Details of the HEALPIX package are available from http://healpix.
jpl.nasa.gov.
4 NB: we correlate with cluster members, not BCGs.

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 391, 1117–1126

Panter et al. 2008

Metallicity

IMF

}
co

ns
er

va
tiv

e



Martin Raue | Gamma 2012 | Heidelberg, Germany | July 9-13, 2012

Resulting EBL: examples
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Compare to EBL limits at z=0
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Manuel Meyer et al.: Limits on the extragalactic background light in the Fermi era

Fig. 8. Upper limits of this work together with previous limits and EBL models.

individual spectral indices, it gives a number of sources of sys-
tematic errors: the effective area, the diffuse emission model, and
the handling of front and back converted events. The systematic
error on the effective area is estimated to be between 5% and
10%, while the errors on the diffuse emission model mainly ef-
fects sources inside the galactic plane. Furthermore, the isotropic
emission for front and back converted events is assumed to be
equal. This leads to underestimation of the flux below 400MeV
and might produce harder source spectra. As harder spectra in
the Fermi-LAT band weaken the upper limits, the results derived
here can, again, be regarded as conservative.

6. Summary and Conclusions
In this paper, new upper limits on EBL density over a wide wave-
length range from the optical to the far infrared are derived, uti-
lizing the EBL attenuation of HE and VHE γ-rays from distant
AGN. A large number of possible EBL realization is investi-
gated, allowing for possible features from, e.g., the first stars.
Evolution of the EBL density with redshift is taken into account
in the calculations using a phenomenological prescription (see
e.g. Raue & Mazin 2008). A large sample of VHE spectra con-
sisting of 23 spectra from 20 different sources with redshifts
ranging from z = 0.031 to 0.536 is used in the analysis. The
VHE spectra are corrected for absorption and subsequently in-
vestigated for their physical feasibility. Two basic criteria are
examined: (1) concavity of the high energy part of the spec-
trum spanning from HE to VHE and (2) total integral flux in
the VHE, a novel way to probe the EBL density. For the former
criterion, spectra from the Fermi-LAT at HE are used as a con-
servative upper limit, combined with criteria on the overall VHE
concavity. This is a more conservative argument than a theoreti-

cally motivated bound on the intrinsic spectral index at VHE of,
say, Γ = 1.5. This value, used in previous studies, is somewhat
under debate as a harder index can be possible, for instance, if
the underlying population of relativistic electrons is very nar-
row (Katarzyński et al. 2006; Tavecchio et al. 2009; Lefa et al.
2011b), in the case of internal photon absorption (Aharonian
et al. 2008b), or in proton-synchrotron models (e.g. Aharonian
2000; Zacharopoulou et al. 2011). For the latter criterion, the ex-
pected cascade emission is investigated and, additionally, the to-
tal intrinsic luminosity is compared to the Eddington luminosity
of the AGN. Limits on the EBL density are derived using each
of the criteria individually and for combinations of the criteria.
In addition, the influence of individual data sets is tested. The
obtained constraints reach from 0.4 µm to 100µm and are be-
low 5 nWm−2 sr−1 between 8 µm and 31 µm even though more
conservative criteria are applied and the evolution of the EBL
with redshift is accounted for. In the optical, the EBL density is
limited below 24 nWm−2 sr−1.

The limits forecast a low level of the EBL density from
near to far infrared wavelengths also predicted by the models
of Kneiske & Dole (2010) and Domı́nguez et al. (2011) which is
in accordance with MR07. Furthermore, the constraints exclude
the direct measurements of Matsumoto et al. (2005). Certain
mechanisms, however, are discussed in the literature that ef-
fectively reduce the the attenuation of γ-rays due to pair pro-
duction. For instance, if cosmic rays produced in AGN are not
deflected strongly in the intergalactic magnetic field they could
interact with the EBL and form VHE γ-rays that contribute to
the VHE spectrum (Essey & Kusenko 2010; Essey et al. 2010,
2011). Other suggestions are more exotic as they invoke the con-
version of photons into axion like particles (e.g de Angelis et al.
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EBL limits used here
-Meyer, Raue, Mazin, 

Horns 2012, A&A 542
- Fermi-LAT + VHE
-Wide wavelength range 
-Poster: P7-01

See also ...
-Presentations by J. Biteau 

and M. Ajello in the next 
session
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Method

8

z0

ρ0

-Calculate EBL SED for 
grid in ρ0 and z0

-Divide each EBL SED 
by the EBL UL:
t = SED / UL
t > 1: tension
t > 1.2: strong tension

-Calculate SFRD limit 
from t=1 (1.2) SFRDs
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Results: fiducial model (Chabrier IMF, Z⊙, β=.3)

9

Tension

Strong 
tension
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Results: Salpeter IMF

10

Note: Direct SFRD 
measurements also 

depend on IMF

TENSION
INCREASES
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Results: metallicity
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Results: IR attenuation - E(B-V)
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SFRD: β
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Results: β
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Summary & conclusions
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VHE observations of distant sources 
delivers strongest EBL limits in the IR

EBL limits constrain the SFRD
-Wide range of parameters investigated
-Most conservative model in tension 

with SFRD from direct measurements
- Tension increase for other choices of 

model parameters

Why conservative?
-Other contributions to EBL

(AGN~10%, z>4, ...)

-Metallicity lower at z~1-3
-Narrow EBL shapes for EBL limit

Raue & Meyer 2012, arXiv:1203.0310
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Dust absorption/emission

17

Absorption
- Extinction curve

A(λ) =0.68·E(B−V)·R·(λ−1 −0.35)

- Full absorption of ionizing emission
50% into Ly-alpha -> scattered -> dust 
emission

Dust emission
-Match absorbed luminosity with IR 

galaxy emission templates from 
Chary & Elbaz 2001

-Parameter: fIR
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Dust emission
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SFRD limits: wavelength dependence
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SFRD IMF normalization
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