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EBL photons extinguish extragalactic gamma rays.

γEBL + γγ-ray à e- + e+

Knowledge of the absorption effects due to EBL is 
necessary to infer the intrinsic spectra of extragalactic 
gamma-ray sources.
� Gamma rays we see are attenuated by:

q Fobs = Fint exp[- tgg(E, z)].

We measure/constrain the EBL absorption,  tgg(E,z) with 
blazars!

Process important above 10 GeV



3

normal templates with a fixed peak position

j a exp
log log

2
2

i
i

i
2

2ål
l l

s
= -

-⎡
⎣⎢

⎤
⎦⎥( ) · ( ) ( )

in erg s−1 cm−3Å−1, where the pivots are logarithmically
spaced with Δlgλ=0.5, resulting in seven templates centered

at λi=[0.16, 0.50, 1.6, 5.0, 16, 50, 160] μm. We fix σ=0.2,
and leave the amplitudes ai free to vary. We tried varying the
number of templates and their placement under the condition
that σ=Δlgλ/2.5 and find that the local EBL is always
consistent within the 1σ confidence region of the final result
shown in Figure 3. Each template is allowed to evolve

Figure 2. Redshift binned optical depth measurements derived from the stacking analysis using VHE data (left) and Fermi-LAT data (right) are shown compared to
the optical depth templates reported by this work. The shaded regions signify the 1σ and 2σ confidence regions of our best-fitting EBL reconstruction.

Figure 3. Spectral intensity of the EBL from UV to far-IR. The constraints from this work are shown as a 68% confidence region and median (blue). A corresponding region
from The Fermi-LAT Collaboration (2018) that relies on GeV data only is shown in orange. Various measurements in the literature are shown in gray: direct measurements
(open symbols), integrated galaxy counts (filled symbols). The numerical data of the blue and orange curves are available at https://figshare.com/s/9cd4f26925945470582a.
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Desai et al. (2019) 106 VHE spectra, 38 blazars
IACTs

Abdollahi et al. (2018) 739 blazars
Fermi LAT 



4

No. 1, 2010 MODELING THE EXTRAGALACTIC BACKGROUND LIGHT FROM STARS AND DUST 239

the luminosity density and EBL energy density are presented in
Section 3. We explore the effects of our EBL model on absorp-
tion of distant γ -rays (Section 4) and conclude with a discussion
on our results and future research (Section 5).

2. FORMALISM

We briefly describe the RDF09 model for background
starlight and our recent improvements which include the emis-
sion from post-main-sequence stars and dust. Integrating over
star formation in this manner is similar to several other models
(e.g., Salamon & Stecker 1998; Dwek et al. 1998; Kneiske et al.
2002, 2004).

2.1. Direct Starlight Emission

Stars with dimensionless mass m = M/M⊙ and age t⋆
are assumed to emit as blackbodies. The photon density of a
blackbody is given by

n⋆(ϵ;m, Θ) = dN

dϵdV
= 8π

λ3
C

ϵ2

exp[ϵ/Θ] − 1
, (1)

where ϵ = hν/mec
2 is the dimensionless photon energy,

λC = h/mec ≈ 2.42 × 10−10 cm is the Compton wavelength,
and Θ = kBT /mec

2 is the dimensionless effective temperature.
The total number of photons emitted per unit energy per unit time
from a star of radius R(m, t⋆) and effective stellar temperature
Θ(m, t⋆) is

Ṅ⋆(ϵ;m, t⋆) = dN

dϵdt
= πR(m, t⋆)2c n⋆(ϵ; Θ(m, t⋆) . (2)

To determine the luminosities and radii of the stars, L(m, t⋆)
and R(m, t⋆), respectively, as well as the time stars spend on
various portions of the Hertzsprung–Russell diagram, we used
the stellar formulae from the appendix of Eggleton et al. (1989).
These formulae approximate the stellar parameters along the
main sequence, the Hertzsprung gap, the giant branch, the
horizontal branch, the asymptotic giant branch, and the white
dwarf phase for stars of solar metallicity. Thus, we assume all
stars emitting since star formation began have solar metallicity.
Note that Equation (A15) of Eggleton et al. (1989), which
describes the luminosity of the base of the giant branch, should
be

LBGB = 2.15M2 + 0.22M5

1 + 1.4 × 10−2M2 + 5 × 10−6M4

(Eggleton et al. 1990). Also, Equation (A22) of Eggleton et al.
(1989), which describes the time a star spends burning helium,
should be

tHe = tMSL0

LHe(M0.42 + 0.8)

(C. Tout & P. Eggleton 2008, private communication). We mod-
ify Equation (A27) of Eggleton et al. (1989), which describes
the luminosity of a white dwarf in our calculations, so that it
reads

L = 40
(t − tWD + 0.1)1.4

in order to avoid a singularity when t = tWD (Hurley et al. 2000).
In the above corrections to Eggleton et al. (1989), we use their
notation, so that M is the star’s mass in units of M⊙, LBGB and
L0 are in units of L⊙, and t, tHe, tMS, and tWD are in units of Myr.

Once a star’s luminosity and radius have been determined, its
temperature can be found by

Θ(m, t⋆) = kBT⊙

mec2

!
L(m, t⋆)

L⊙

"1/4
#

R⊙

R(m, t⋆)
, (3)

where T⊙ = 5777 K is the effective solar temperature, L⊙ =
3.846 × 1033 erg s−1 is the solar luminosity, and R⊙ =
6.96 × 1010 cm is the solar radius.

Observations made from the solar system, which has a small
peculiar velocity with respect to the Hubble flow, are essentially
in the comoving frame. The comoving luminosity density (i.e.,
the luminosity per unit comoving volume, or the emissivity) of
the universe as a function of comoving energy ϵ at a certain
redshift z (in units of, e.g., W Mpc−3) can be found from

ϵ j stars(ϵ; z) = mec
2ϵ2 dN

dt dϵ dV

= mec
2ϵ2fesc(ϵ)

$ mmax

mmin

dm ξ (m)

×
$ zmax

z

dz1

%%%%
dt∗

dz1

%%%% ψ(z1) Ṅ⋆(ϵ;m, t⋆(z, z1)).

(4)

The luminosity density is dependent on the initial mass function
(IMF), ξ (m), the comoving SFR density (i.e., the SFR per unit
comoving volume), ψ(z), and the fraction fesc(ϵ) of photons
which escape a galaxy and avoid being absorbed by interstellar
dust. The relationship between cosmic time and redshift is given
by

%%%%
dt∗

dz

%%%% = 1

H0(1 + z)
&

Ωm(1 + z)3 + ΩΛ
, (5)

in a flat ΛCDM cosmology. We assume cosmological parame-
ters H0 = 70 km s−1 Mpc−3, Ωm = 0.3, and ΩΛ = 0.7.

Driver et al. (2008) have applied the dust model of Popescu
& Tuffs (2009) to a survey of ∼ 105 nearby galaxies from the
Millennium Galaxy Catalog (Allen et al. 2006) to determine the
wavelength-dependent escape fraction of photons in the local
universe. RDF09 have fit this with a series of power laws and
we use this to compute fesc(ϵ). We also assume that any photon
with mec

2ϵ > 13.6 eV is absorbed by galactic and intergalactic
H i gas. These UV photons are not reprocessed in our model,
and we assume their net energy makes a small contribution to
the total EBL intensity.

In this work, we choose the limits of integration mmin = 0.1,
mmax = 100, and zmax = 6, although our EBL intensities and
luminosity density results at low-z are not strongly dependent
on the upper limits. Thus, the model of the stellar component
does not have any adjustable parameters once an IMF and SFR
have been chosen.

To test the accuracy of approximating stars as blackbodies and
the simple Eggleton et al. (1989) stellar formulae, we computed
the spectra of simple stellar populations (SSPs) for various ages
from

Lλ(t⋆) = mec
2ϵ

dN

dt dλ
= m2

ec
4ϵ3

hc

$ mmax

mmin

dm ξ (m) Ṅ⋆(ϵ;m, t⋆)

(6)
using a Salpeter (1955) IMF, i.e., ξ (m) ∝ m−2.35, from mmin =
0.1 < m < mmax = 100. Equation (6) approximates the
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1. Star formation rate density from γ-ray absorption

In order to use the γ-ray measurement of EBL absorption presented in Figure xx to
constrain the cosmic star formation rate density, we begin with the EBL model of Finke

et al. (2010, see also Razzaque et al. (2009)). This model assumes stars emit as blackbodies,
with their temperatures, luminosities, and time evolution determined from formulae given

by Eggleton et al. (1989). The radiation emitted by stars was convolved with an initial
mass function (IMF) and star formation rate density (SFRD; ψ(z)) parameterization to get
the luminosity density j(ϵ; z). The fraction of light that escapes dust extinction (fesc,dust)

was based on the modeling of Driver et al. (2008). The infrared portion of the EBL was
computed assuming all the energy absorbed by dust is re-radiated in the infrared. The SFRD

and IMF model parameters were chosen to reproduce the luminosity density data available
at the time. The luminosity density is then used to compute the EBL energy density (or
equivalently, intensity),

ϵp uEBL,p(ϵp; z) = (1 + z)4

! zmax

z

dz1
ϵ′j(ϵ′; z1)

(1 + z1)

""""
dt∗
dz1

"""" (1)

where zmax is the redshift where star formation began, and |dt/dz| takes into account the
cosmological expansion of the universe. We then used the proper frame EBL energy density

uEBL,p(ϵp; z) to compute the opacity of the universe to γ rays for a source at redshift zs,

τγγ(ϵ1, zs) =
cπr2

e

ϵ21mec2

! zs

0

dz′

(1 + z′)2

""""
dt∗
dz′

""""

×
! ∞

1
ϵ1(1+z′)

dϵp
ϵpuEBL,p(ϵp; z′)

ϵ4p
φ̄(ϵpϵ1(1 + z′)) . (2)

where

φ̄(s0) =
1 + β2

0

1 − β2
0

ln w0 − β2
0 ln w0 −

4β0

1 − β2
0

(3)

+2β0 + 4 lnw0 ln(1 + w0) − 4L(w0) ,

β2
0 = 1 − 1/s0, w0 = (1 + β0)/(1 − β0), and

L(w0) =

! w0

1

dw w−1 ln(1 + w) (4)

(Gould & Schréder 1967; Brown et al. 1973).

We have performed a Markov Chain Monte Carlo (MCMC) fit to the γ-ray EBL absorp-
tion data with the model of Finke et al. (2010). We allow the SFRD and dust parameters
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Assume absorbed LD re-radiated in the IR 
as three dust components, gives dust 
contribution to LD.

JF, Razzaque, Dermer (2010)
Razzaque, Dermer, JF (2009)

Compute absorption optical depth
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simultaneously optimizing the spectral pa-
rameters independently for each blazar (13).
This can be accomplished individually for each
source by defining a region of interest that
comprises all g rays detected within 15° of the
source position and creating a sky model that
includes all sources of g rays in the field. The

parameters of the sky model are then optimized
by a maximum likelihood method. For every
blazar, the fitting is performed below an energy
at which the EBL attenuation is negligible and
thus yields a measurement of the intrinsic (i.e.,
unabsorbed) blazar spectrum. The intrinsic
spectra are described using simple empirical

functions (14) and extrapolated to higher energy,
where the g rays are expected to be attenuated
by the EBL.
Potential EBL absorption is added to the

fitted spectra as follows:

dN
dE

! "

obs
¼ dN

dE

! "

int
exp½#b $ tggðE; zÞ' ð1Þ

where (dN/dE)obs and (dN/dE)int are the ob-
served and intrinsic blazar spectra, respectively;
tgg(E, z) is the EBL optical depth as estimated
frommodels (at a given energy E and redshift z);
and b is a free parameter. The data from all
blazars are combined to yield the best-fitting
value of b for each model. A value of b = 0
implies that no EBL attenuation is present in
the spectra of blazars, whereas b ≈ 1 implies an
attenuation compatible with the model predic-
tion. Twelve of the most recent models that
predict the EBL attenuation up to a redshift of
z = 3.1 have been tested in this work. We detect
the attenuation due to the EBL in the spectra
of blazars at ≳16 standard deviations (s) for all
models tested (see table S2).
Our analysis leads to detections of the EBL

attenuation across the entire 0.03 < z < 3.1 red-
shift range of the blazars. From this, we identify
the redshift at which, for a given energy, the Uni-
verse becomes opaque to g rays, known as the
cosmic g-ray horizon (Fig. 1). With the optical
depths measured in six energy bins (10 to
1000 GeV) across 12 redshift bins (14), we are
able to reconstruct the intensity of the EBL at
different epochs (Fig. 2). We model the cosmic
emissivity (luminosity density) of sources as
several simple spectral components at UV, op-
tical, and near-IR (NIR) wavelengths. These
components are allowed to vary in amplitude
and evolve with redshift independently of each
other to reproduce, through a Markov chain
Monte Carlo (MCMC) analysis, the optical
depth data. The emissivities as a function of
wavelength and redshift allow us to recon-
struct the history of the EBL over ~90% of
cosmic time.
At z = 0, the energy spectrum of the EBL is

close to the one inferred by resolving individual
galaxies in deep fields (15). At all other epochs,
Fermi LAT is most sensitive to the UV-optical
component of the EBL and is only able to con-
strain the NIR component at more recent times
(see Fig. 2). The intensity of the UV background
in the local Universe remains uncertain, with
independent studies reporting differing values
(16–18). Our determination of 2:56þ 0:92ð2:23Þ

#0:87ð1:49Þ nW
m–2 sr–1 [1s (2s)] at 0.2 mm favors an intermediate
UV intensity in agreement with (18). In the NIR,
our measurement of 11:6þ 1:3ð2:6Þ

#1:4ð3:1Þ nW m–2 sr–1 [1s
(2s)] at 1.4 mmis consistentwith integrated galaxy
counts (19, 20), leaving little room for additional
components, contrary to some suggestions (21, 22).
This notably includes contributions from stars
that have been stripped from galaxies, as the
technique presented here is sensitive to all pho-
tons (23, 24).

The Fermi-LAT Collaboration, Science 362, 1031–1034 (2018) 30 November 2018 2 of 4

Fig. 2. The spectral intensity of the EBL at redshifts 0, 1, 2, and 3. (A) Today’s Universe (z = 0).
The blue area shows the 1s confidence regions based on the reconstructed cosmic emissivity (14). Data
from other g ray–based measurements are shown with orange symbols (39–42); integrated galaxy
counts are displayed with green symbols (15–20). Horizontal yellow lines represent the wavelength range;
vertical yellow and green lines represent the uncertainty on the intensity of the EBL.The downward-
pointing arrows show upper limits on the intensity of the EBL from (42). (B to D) At higher redshifts
(z= 1, 2, and 3, respectively), the EBL is shown in physical coordinates. Figure S8 includes amore complete
set of measurements from the literature.

Fig. 3. Cosmic star formation history as constrained from optical depth data. The shaded
regions correspond to the 1s confidence regions on the star formation rate density as a
function of redshift, r) ðzÞ, obtained from two independent methods, based on a physical EBL
model (green) and an empirical EBL reconstruction [blue; see (14)]. The data points show the
star formation history derived from UV surveys at low z and deep Lyman-break galaxy surveys at
high z [see (1) and references therein]. Horizontal and vertical yellow lines represent the
redshift bin size and the uncertainty on the cosmic star formation history. Figure S11 includes
a more complete set of data from different tracers of the star formation rate.
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Updates from previous model (JF, Razzaque, Dermer 2010; Razzaque, Dermer, JF 
2009):

• Use PEGASE simple stellar population models

• Emission dependent on age of stellar population and metallicity

• Tracks evolution of metallicity and mass density in the universe

• Evolution of dust extinction with redshift

• Fits to gamma-ray opacity data and other data

2 Finke and friends

TABLE 1
Stellar mass return

fraction (R(Z);
Equation [4]) and total

stellar metal yield
(ytot(Z); Equation [5])
for the BG03 IMF.

Z R(Z) ytot(Z)

0.0 0.452 0.108
0.001 0.498 0.0653
0.004 0.507 0.0631
0.008 0.511 0.0616
0.02 0.516 0.0588
0.05 0.515 0.0686

The fraction of stellar mass returned to the ISM is
calculated from (e.g., Madau & Dickinson 2014; Vincenzo
et al. 2016)

R(Z) =
Z mmax

mret

dm [m�mr(m, Z)] ⇠(m) (4)

where ⇠(m) is the IMF. The yield of heavy elements (the
mass of new heavy elements produced) returned to the
ISM as a fraction of total mass that is not returned to
the ISM is

ytot(Z) =
1

1�R

Z mmin

mret

dm m p(m, Z) ⇠(m) . (5)

Here mret is the stellar mass above which metals are re-
turned to the ISM. Both R(Z) and ytot(Z) are fractions
returned to the ISM each stellar generation.

Following Vincenzo et al. (2016) we take mret = 1.0
and mr(m, Z) and p(m, Z) as calculated and tabulated
by Nomoto et al. (2013). We use them to compute R(Z)
and ytot(Z) for our chosen IMF, that of BG03. Our re-
sults can be found in Table 1.

2.4. Metallicity and Mass Density Evolution
To determine the ISM mean metallicity Z̄(z) and co-

moving stellar mass density ⇢(z) of the universe, we use
a one-zone, closed box, instantaneous recycling model
(Tinsley 1980). This model assumes that stars with
masses m < mret will live forever and never return mat-
ter to the ISM; and stars with masses m > mret will
instantly return mass and newly-formed metals to the
ISM (e.g., Madau & Dickinson 2014; Vincenzo et al.
2016). This model is a good approximation for metals
produced primarily by massive, short-lived stars (such
as oxygen) but less good for metals produced primarily
by low-mass, long-lived stars. Since oxygen is the most
abundant heavy element by mass, this model should be
be a reasonable approximation for mean metallicity (Vin-
cenzo et al. 2016).

The quantities Z̄(z) and ⇢(z) are found by solving the
equations (e.g., Madau & Dickinson 2014)

dZ̄

dz
=

ytot(Z̄)[1�R(Z̄)]
⇢b � ⇢(z)

 (z)
����
dt

dz

���� ,

d⇢

dz
= (1�R(Z̄)) (z)

����
dt

dz

���� , (6)

respectively, where  (z) is the comoving star formation
rate density (SFRD) and ⇢b is the total comoving mass

density of baryons (in stars and gas) in the universe. It
can be found from ⇢b = ⇢c⌦b where

⇢c =
3H0

8⇡G
, (7)

and G = 6.673⇥ 10�8 dyne cm2 g�2 is the gravitational
constant. The parameter ⌦b can be determined from
anisotropy in the cosmic microwave background. We use
⌦b = 0.045 consistent with results from WMAP (Hin-
shaw et al. 2013).

The coupled ordinary di↵erential equations (6) were
solved with a fourth order Runge-Kutta numerical
scheme (e.g., Press et al. 1992) with the initial condi-
tions Z̄(z = zmax) = 0 and ⇢(z = zmax) = 0.

2.5. Simple Stellar Population Spectra
We use the PEGASE.2 code1 (Fioc & Rocca-

Volmerange 1997) to generate simple stellar population
spectra (SSPS) of a population of stars with masses be-
tween mmin and mmax as a function of metallicity (Z)
and age (t). This assumes all stars are born instantly
at the same time at t = 0, and evolve passively with no
further star formation. The SSPS L⌫(t, Z) are computed
in units erg s�1 Hz�1 and are normalized to 1 M�. The
PEGASE.2 code allows the user to generate SSPS for
user defined IMFs. As discussed in Section 2.2, we use
the BG03 IMF, Equation (2).

The PEGASE.2 code does not produce accurate SSPS
for high mass Population III (low Z) stars. Therefore,
for SSPS at Z = 0, we follow Gilmore (2012) and use
the results from Schaerer (2002) for high mass stars. For
Z = 0 stars with m < 5, we use the PEGASE.2 results;
for m > 5, we assume the stars are blackbodies with tem-
peratures and luminosities given by Table 3 of Schaerer
(2002) for lifetimes given by Table 4 of Schaerer (2002).

Once SSPS are produced for a grid of stellar population
ages and metallicities, we interpolate to find the SSPS
L⌫(t, Z) for any t and Z.

2.6. Dust Extinction
A fraction f esc,d(�, z) of photons will escape absorp-

tion by dust. Driver et al. (2008) calculated the average
of this fraction at z ⇡ 0 from fitting a dust model to
10,000 nearby galaxies. This was fit by Razzaque et al.
(2009), resulting in

fesc,d(�, z = 0) =
8
><

>:

0.688 + 0.556 log
10
�; �  0.165

0.151� 0.136 log
10
�; 0.165 < �  0.220

1.000 + 1.148 log
10
�; 0.22 < �  0.422

0.728 + 0.422 log
10
�; 0.422 < �

(8)

where � is wavelength in µm. The dust extinction evolves
with redshift; Abdollahi et al. (2018) fit a collection of
measurements with a curve as a function of z. We assume
the normalization of ffesc,d(�, z) evolves with z following
this curve, so that

fesc,d(�, z) = fesc,d(�, z = 0)⇥ 4.08⇥ 10A(z) (9)
where

A(z) = ad
(1 + z)bd

1 + [(1 + z)/cd]dd
, (10)

where the Abdollahi et al. (2018) fit results in ad = 1.49,
bd = 0.64, cd = 3.4, dd = 3.54.

1 http://www2.iap.fr/pegase/
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TABLE 2
Derived Schechter Luminosity Function Parameters for the MGC with Varying Degrees of Dust Attenuation Corrections

Sample

∗M ! 5 log h70

(mag) a
f∗

( Mpc!3 [0.5 mag]!1)!3 310 h70

jB

( L, Mpc!3)810 h70

No dust correction . . . . . . . . . . . . . . . . . . . !20.57 ! 0.04 !1.14 ! 0.03 6.7 ! 0.3 1.9 ! 0.2
Inclination correction . . . . . . . . . . . . . . . . !20.78 ! 0.04 !1.16 ! 0.03 7.0 ! 0.3 2.4 ! 0.2
Inclination"face-on correction . . . . . . !21.32 ! 0.05 !1.32 ! 0.02 4.8 ! 0.3 3.1 ! 0.5

Fig. 3.—The global photon escape fraction averaged over all inclinations
vs. wavelength. The dotted lines show estimated error boundaries (see text).
[See the electronic edition of the Journal for a color version of this figure.]

2.1. Extrapolating the Impact of Dust on the GLF
to Other Bandpasses

The above result provides us with a single dust-corrected
datum for the CSED. Unfortunately, we cannot repeat this mea-
surement at other wavelengths because we lack the appropriate
imaging data at this time. We can, however, resort to a sim-
plification: For all possible bulge-to-total ( ) values from 0B/T
to 0.8, we derive, using the equations given above, the implied
photon escape fraction integrated over . We then adoptcos (i)
as the effective mean that model galaxy whose photonB/T
escape fraction is the same as that determined from our GLF
analysis. This yields an intrinsic . Essentially,"0.22AB/T S p 0.13!0.13

this is an effective average value that corresponds to theB/T
volume- and luminosity-weighted average of the individual es-
cape fractions of all the galaxies in our sample in the absence
of dust.

The above has provided us with an effective average galaxy
that represents the galaxy population at large in the B band.
To now derive the equivalent effective average galaxy at other
wavelengths, we need to know the mean bulge and disk colors
in order to modify the bulge-to-total ratio accordingly. For
example, galaxy bulges are typically red (relative to the disk),
so as we move toward longer wavelengths we expect the ca-
nonical ratio to rise a little. To obtain the mean bulgeAB/T S
and disk colors, we supplement our B-band MGC data with
multiwavelength data provided by the overlapping SDSS
(Driver et al. 2005, 2007; Liske et al. 2003; Allen et al. 2006).
Using the median colors for bulge-only or disk-only systems,
we transpose our canonical bulge-to-total ratio to the SDSS
bandpasses: (u), 0.14 (g), 0.14 (r), 0.14 (i), 0.16AB/T S p 0.11
(z). For JHK we adopt the z-band ratio, and for the UVAB/T S

range we adopt (which implicitly assumes that starAB/T S p 0
formation has ceased in the bulge regions).

2.2. The Photon Escape Fraction

We can now derive the mean photon escape fraction at any
wavelength using the bulge and disk attenuation-inclination
relations predicted by our calibrated dust model (see § 2) cou-
pled with the above values. Figure 3 displays the cor-AB/T S
responding photon escape fractions for a variety of bandpasses
averaged over all viewing angles. To understand how critically
this depends on the adopted values, we also show inAB/T S
Figure 3 the photon escape fractions that result from assuming,
in each bandpass, the extreme values of (pure disk;AB/T S p 0
upper dotted line) and (early/mid-type disk gal-AB/T S p 0.35
axy; lower dotted line), respectively. Evidently, the photon es-
cape fractions do not depend critically on the assumed “ca-
nonical” values of , and hence our shortcut method shouldAB/T S
be considered robust (i.e., Fig. 3 is essentially a direct prediction
from the MGC calibrated dust model with little dependence on

).AB/T S

2.3. The Cosmic Energy Spectrum

The values shown in Figure 3 can be used to derive the
CSED corrected for dust attenuation. A compendium of recent
GLF measurements (Driver et al. 2007; Budavari et al. 2005;
Blanton et al. 2003; Kochanek et al. 2001; Bell et al. 2003;
Babbedge et al. 2006; Huang et al. 2007; Takeuchi et al. 2006)
based on nearby samples (all allegedly complete, corrected to
redshift 0, and converted to km s!1 Mpc!1, but un-H p 700

corrected for dust attenuation) are shown in Figure 4. Where
necessary these have been converted from luminosity density
units to energy density units, and together they span the wave-
length range from the far-UV to the far-IR. Also shown in
Figure 4 is our single fully dust-corrected B-band luminosity
density value (from Table 2), which lies significantly above the
previous uncorrected estimates.

Using the photon escape fractions from Figure 3, we now
correct the attenuated GLF measurements to produce, for the
first time, the unattenuated CSED (Fig. 4, gray data points).
This constitutes the actual spectral energy output in the universe
today due to the total integrated starlight before dust attenua-
tion. To calculate the total energy of starlight versus that which
escapes into the IGM, we need to integrate over these two data
sets. In order to interpolate across the full far-UV, optical, and
IR wavelength range, we adopt a recent stellar synthesis model
(PEGACE; Fioc & Rocca-Volmerange 1997; see Baldry &
Glazebrook 2003 for details of the modeling) that provides a
reasonable fit to both the attenuated (orange line) and, when
corrected, unattenuated (black line) CSED. Integrating these
two curves yields a total stellar energy output of (1.6 !

W Mpc!3, of which W Mpc!335 350.2) # 10 (0.9 ! 0.1) # 10
escapes into the IGM. Note that these numbers take into account
a 10% component of the CSED longward of 400 nm due to
ellipticals (Driver et al. 2005). For the CSED to be in equilib-
rium (and energy conserving), the difference between these
two energy values, W Mpc!3, should not35(0.7 ! 0.2) # 10

Driver et al. (2008) curve used in JF+ 2010 
model.
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and newly-formed metals to the ISM (e.g., Madau & Dickinson 2014; Vincenzo et al. 2016). This model is a good
approximation for metals produced primarily by massive, short-lived stars (such as oxygen) but less good for metals
produced primarily by low-mass, long-lived stars. Since oxygen is the most abundant heavy element by mass, this
model should be a reasonable approximation for mean metallicity (Vincenzo et al. 2016).

The quantities Z̄(z) and ρ(z) are found by solving the equations (e.g., Madau & Dickinson 2014)

dZ̄

dz
=

ytot(Z̄)[1 − R(Z̄)]
ρb − ρ(z)

ψ(z)
∣∣∣∣
dt

dz

∣∣∣∣ ,

dρ

dz
= (1 − R(Z̄))ψ(z)

∣∣∣∣
dt

dz

∣∣∣∣ , (8)

respectively, where ψ(z) is the comoving star formation rate density (SFRD) and ρb is the total comoving mass density
of baryons (in stars and gas) in the universe. It can be found from ρb = ρcΩb where

ρc =
3H0

8πG
, (9)

and G = 6.673×10−8 dyne cm2 g−2 is the gravitational constant. The parameter Ωb can be determined from anisotropy
in the cosmic microwave background. We use Ωb = 0.045 consistent with results from WMAP (Hinshaw et al. 2013).

The coupled ordinary differential equations (8) were solved with a fourth order Runge-Kutta numerical scheme (e.g.,
Press et al. 1992) with the initial conditions Z̄(z = zmax) = 0 and ρ(z = zmax) = 0.

2.5. Simple Stellar Population Spectra
We use the PEGASE.2 code1 (Fioc & Rocca-Volmerange 1997) to generate simple stellar population spectra (SSPS)

of a population of stars with masses between mmin and mmax as a function of metallicity (Z) and age (t). This assumes
all stars are born instantly at the same time at t = 0, and evolve passively with no further star formation. The SSPS
Lν(t, Z) are computed in units erg s−1 Hz−1 and are normalized to 1 M⊙. The PEGASE.2 code allows the user to
generate SSPS for user defined IMFs. As discussed in Section 2.2, we use the BG03 IMF, Equation (4).

The PEGASE.2 code does not produce accurate SSPS for high mass Population III (low Z) stars. Therefore, for
SSPS at Z = 0, we follow Gilmore (2012) and use the results from Schaerer (2002) for high mass stars. For Z = 0
stars with m < 5, we use the PEGASE.2 results; for m > 5, we assume the stars are blackbodies with temperatures
and luminosities given by Table 3 of Schaerer (2002) for lifetimes given by Table 4 of Schaerer (2002).

Once SSPS are produced for a grid of stellar population ages and metallicities, we interpolate to find the SSPS
Lν(t, Z) for any t and Z.

2.6. Dust Extinction
A fraction f esc,d(λ, z) of photons will escape absorption by dust. Driver et al. (2008) calculated the average of this

fraction at z ≈ 0 from fitting a dust model to 10,000 nearby galaxies. The resulting fraction at z ≈ 0 fit by Razzaque
et al. (2009), resulting in

fesc,d(λ, z = 0) =

⎧
⎪⎨

⎪⎩

0.688 + 0.556 log10 λ; λ ≤ 0.165
0.151 − 0.136 log10 λ; 0.165 < λ ≤ 0.220
1.000 + 1.148 log10 λ; 0.22 < λ ≤ 0.422
0.728 + 0.422 log10 λ; 0.422 < λ

(10)

where λ is wavelength in µm. The dust extinction evolves with redshift; Abdollahi et al. (2018) fit a collection of
measurements with a curve as a function of z. We assume the normalization of ffesc,d(λ, z) evolves with z following
this curve, so that

fesc,d(λ, z) = fesc,d(λ, z = 0) × 4.08 × 10A(z) (11)

where

A(z) = ad
(1 + z)bd

1 + [(1 + z)/cd]dd
, (12)

with the Abdollahi et al. (2018) fit results ad = 1.49, bd = 0.64, cd = 3.4, dd = 3.54. A similar fit was done by
Puchwein et al. (2019) using a slightly different functional form.

2.7. Star Formation
We use several parameterizations for the comoving SFRD as a function of redshift. We primarily use the formulation

from Madau & Dickinson (2014),

ψMD(z) = as
(1 + z)bs

1 + [(1 + z)/cs]ds
(13)

1 http://www2.iap.fr/pegase/

Normalization (0.15 
µm) varies with z:
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2.7. Luminosity Density
The comoving stellar luminosity density (i.e., luminos-

ity per unit comoving volume) is given as a function of
comoving dimensionless energy ϵ = hc/(λmec2 ) by

ϵjstars(ϵ; z) = mec
2 ϵ

dN

dtdϵdV
= mec

2 ϵ2fesc,H(ϵ)fesc,d(λ, z)

×
! zmax

z
dz1 Lν(t⋆(z, z1 ), Z(z1 )) ψ(z1 )

""""
dt

dz1

"""" .

(11)
We assume all with photons at energies greater than 13.6
eV are absorbed by H I gas, so that

fesc,H(ϵ) =
#

1 mec2 ϵ < 13.6 eV
0 mec2 ϵ ≥ 13.6 eV . (12)

The age of the stellar population t⋆(z, z1 ) can be found
by computing the integral

t⋆(z, z1 ) =
! z1

z
dz′

""""
dt

dz′

"""" . (13)

The comoving SFRD is given by the function from
Madau & Dickinson (2014),

ψMD(z) = as
(1 + z)bs

1 + [(1 + z)/cs]ds
(14)

where as, bs, cs, and ds are free parameters. We include
a component at high redshift. If gs > 0

ψG(z) = gs exp
$
−(z − zG)2

2σ2
G

%
(15)

If gs < 0:

ψG(z) =

&
gs exp

'
− (z− zG)2

2σ2
G

(
z ≤ zG

gs z > zG

. (16)

So the SFR is
ψ(z) = ψMD(z) + ψG(z) . (17)

We assume that the total energy absorbed by dust
is re-emitted in the infrared in three blackbody dust
components. These three components are a large grain
component with temperature T1 = 40 K, a small grain
component with temperature T2 = 70 K, and a compo-
nent representing polycyclic aromatic hydrocarbons as a
blackbody with temperature T3 = 450 K. The comoving
dust luminosity density is then

ϵjdust(ϵ; z) =
15
π4

!
dϵ

$
1

fesc,d(λ, z)
− 1

%
jstars(ϵ; z)

×
3)

n=1

fn

Θ4
n

ϵ4

exp[ϵ/Θn] − 1
(18)

where Θn = kBTn/(mec2 ) is the dimensionless tempera-
ture of a particular component and fn < 1 is the fraction
of the emission absorbed by dust that is re-radiated in
a particular dust component. We use f1 and f2 as free
parameters, with f3 constrained by f1 +f2 +f3 = 1. The
temperatures of each component are fixed,

Once the stellar and dust luminosity densities are cal-
culated, the total luminosity density is simply

ϵjtot(ϵ; z) = ϵjstars(ϵ; z) + ϵjdust(ϵ; z) . (19)

TABLE 2
Models

Model A Model B Model C Model D

IMF BG03 BG03 Sal BG03
SFR MD14+G MD14+G MD14+G piece+G
data τγγ + j(ϵ) j(ϵ) τγγ + j(ϵ) τγγ + j(ϵ)
as
bs
cs
ds

2.8. EBL
The proper frame energy density as a function of the

proper frame dimensionless energy ϵp is

ϵpuEBL,p(ϵp; z) = (1 + z)4
! zmax

z
dz1

ϵ′j(ϵ′; z1 )
(1 + z1 )

""""
dt

dz

"""" ,

(20)

where

ϵ′ =
1 + z1

1 + z
ϵp . (21)

EBL intensity is usually measured in units nW m− 2 sr− 1 ;
the energy density can be converted to intensity via

ϵpI(ϵp; z) =
c

4π
ϵpuEBL,p(ϵp; z) . (22)

2.9. Gamma-ray Absorption
The absorption optical depth

τγγ(ϵ1 , z) =
cπr2

e

ϵ21mec2

! z

0

dz′

(1 + z′)2

""""
dt∗
dz′

""""

×
! ∞

1
ϵ1(1+z′)

dϵp
ϵpuEBL,p(ϵp; z′)

ϵ4p
φ̄(ϵpϵ1 (1 + z′)) ,

(23)

where

φ̄(s0 ) =
1 + β2

0

1 − β2
0

ln w0 − β2
0 ln w0 −

4β0

1 − β2
0

(24)

+2β0 + 4 lnw0 ln(1 + w0 ) − 4L(w0 ) ,

β2
0 = 1 − 1/s0 , w0 = (1 + β0 )/(1 − β0 ), and

L(w0 ) =
! w0

1
dw w− 1 ln(1 + w) (25)

(Gould & Schréder 1967b; Brown et al. 1973).

3. DATA

Luminosity density and gamma-ray absorption.
Marchetti et al. (2016) data bad at ∼ 100 µm, doesn’t

agree with other data (Takeuchi et al. 2006; Andrews
et al. 2017).

Andrews et al. (2017) has a problem at FUV, the LD
here is decreasing with z.

4. RESULTS

5. DISCUSSION

We would like to thank

Free parameters:  as, bs, cs, ds, 
also:  f1, f2 (associated with dust; f3 = 1 - f1 - f2), Td,1, ad, bd, cd, dd

SFR parameterization from
Madau & Dickinson (2014):
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and newly-formed metals to the ISM (e.g., Madau & Dickinson 2014; Vincenzo et al. 2016). This model is a good
approximation for metals produced primarily by massive, short-lived stars (such as oxygen) but less good for metals
produced primarily by low-mass, long-lived stars. Since oxygen is the most abundant heavy element by mass, this
model should be a reasonable approximation for mean metallicity (Vincenzo et al. 2016).

The quantities Z̄(z) and ρ(z) are found by solving the equations (e.g., Madau & Dickinson 2014)

dZ̄

dz
=

ytot(Z̄)[1 − R(Z̄)]
ρb − ρ(z)

ψ(z)
∣∣∣∣
dt

dz

∣∣∣∣ ,

dρ

dz
= (1 − R(Z̄))ψ(z)

∣∣∣∣
dt

dz

∣∣∣∣ , (8)

respectively, where ψ(z) is the comoving star formation rate density (SFRD) and ρb is the total comoving mass density
of baryons (in stars and gas) in the universe. It can be found from ρb = ρcΩb where

ρc =
3H0

8πG
, (9)

and G = 6.673×10−8 dyne cm2 g−2 is the gravitational constant. The parameter Ωb can be determined from anisotropy
in the cosmic microwave background. We use Ωb = 0.045 consistent with results from WMAP (Hinshaw et al. 2013).

The coupled ordinary differential equations (8) were solved with a fourth order Runge-Kutta numerical scheme (e.g.,
Press et al. 1992) with the initial conditions Z̄(z = zmax) = 0 and ρ(z = zmax) = 0.

2.5. Simple Stellar Population Spectra
We use the PEGASE.2 code1 (Fioc & Rocca-Volmerange 1997) to generate simple stellar population spectra (SSPS)

of a population of stars with masses between mmin and mmax as a function of metallicity (Z) and age (t). This assumes
all stars are born instantly at the same time at t = 0, and evolve passively with no further star formation. The SSPS
Lν(t, Z) are computed in units erg s−1 Hz−1 and are normalized to 1 M⊙. The PEGASE.2 code allows the user to
generate SSPS for user defined IMFs. As discussed in Section 2.2, we use the BG03 IMF, Equation (4).

The PEGASE.2 code does not produce accurate SSPS for high mass Population III (low Z) stars. Therefore, for
SSPS at Z = 0, we follow Gilmore (2012) and use the results from Schaerer (2002) for high mass stars. For Z = 0
stars with m < 5, we use the PEGASE.2 results; for m > 5, we assume the stars are blackbodies with temperatures
and luminosities given by Table 3 of Schaerer (2002) for lifetimes given by Table 4 of Schaerer (2002).

Once SSPS are produced for a grid of stellar population ages and metallicities, we interpolate to find the SSPS
Lν(t, Z) for any t and Z.

2.6. Dust Extinction
A fraction f esc,d(λ, z) of photons will escape absorption by dust. Driver et al. (2008) calculated the average of this

fraction at z ≈ 0 from fitting a dust model to 10,000 nearby galaxies. The resulting fraction at z ≈ 0 fit by Razzaque
et al. (2009), resulting in

fesc,d(λ, z = 0) =

⎧
⎪⎨

⎪⎩

0.688 + 0.556 log10 λ; λ ≤ 0.165
0.151 − 0.136 log10 λ; 0.165 < λ ≤ 0.220
1.000 + 1.148 log10 λ; 0.22 < λ ≤ 0.422
0.728 + 0.422 log10 λ; 0.422 < λ

(10)

where λ is wavelength in µm. The dust extinction evolves with redshift; Abdollahi et al. (2018) fit a collection of
measurements with a curve as a function of z. We assume the normalization of ffesc,d(λ, z) evolves with z following
this curve, so that

fesc,d(λ, z) = fesc,d(λ, z = 0) × 4.08 × 10A(z) (11)

where

A(z) = ad
(1 + z)bd

1 + [(1 + z)/cd]dd
, (12)

with the Abdollahi et al. (2018) fit results ad = 1.49, bd = 0.64, cd = 3.4, dd = 3.54. A similar fit was done by
Puchwein et al. (2019) using a slightly different functional form.

2.7. Star Formation
We use several parameterizations for the comoving SFRD as a function of redshift. We primarily use the formulation

from Madau & Dickinson (2014),

ψMD(z) = as
(1 + z)bs

1 + [(1 + z)/cs]ds
(13)

1 http://www2.iap.fr/pegase/

Dust extinction normalization:
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normal templates with a fixed peak position
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in erg s−1 cm−3Å−1, where the pivots are logarithmically
spaced with Δlgλ=0.5, resulting in seven templates centered

at λi=[0.16, 0.50, 1.6, 5.0, 16, 50, 160] μm. We fix σ=0.2,
and leave the amplitudes ai free to vary. We tried varying the
number of templates and their placement under the condition
that σ=Δlgλ/2.5 and find that the local EBL is always
consistent within the 1σ confidence region of the final result
shown in Figure 3. Each template is allowed to evolve

Figure 2. Redshift binned optical depth measurements derived from the stacking analysis using VHE data (left) and Fermi-LAT data (right) are shown compared to
the optical depth templates reported by this work. The shaded regions signify the 1σ and 2σ confidence regions of our best-fitting EBL reconstruction.

Figure 3. Spectral intensity of the EBL from UV to far-IR. The constraints from this work are shown as a 68% confidence region and median (blue). A corresponding region
from The Fermi-LAT Collaboration (2018) that relies on GeV data only is shown in orange. Various measurements in the literature are shown in gray: direct measurements
(open symbols), integrated galaxy counts (filled symbols). The numerical data of the blue and orange curves are available at https://figshare.com/s/9cd4f26925945470582a.
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12

Do MCMC fit to data:

• γ-ray absorption optical depth 
data
• 12 redshift bins from LAT 

(Abdollahi et al. 2018)
• 1 GRB upper limit 

(080916C)
• 2 redshift bins from IACTs 

(Desai et al. 2019)
• luminosity density data 

from galaxy surveys 
(compilation by Scully, 
Stecker, Helgason, others)
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Do MCMC fit to data:

• γ-ray absorption optical depth 
data
• 12 redshift bins from LAT 

(Abdollahi et al. 2018)
• 1 GRB upper limit 

(080916C)
• 2 redshift bins from IACTs 

(Desai et al. 2019)
• luminosity density data 

from galaxy surveys 
(compilation by Scully, 
Stecker, Helgason, others)

• mass density data from 
galaxy surveys (compilation 
Madau & Dickinson (2014)
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Do MCMC fit to data:

• γ-ray absorption optical depth 
data
• 12 redshift bins from LAT 

(Abdollahi et al. 2018)
• 1 GRB upper limit 

(080916C)
• 2 redshift bins from IACTs 

(Desai et al. 2019)
• luminosity density data 

from galaxy surveys 
(compilation by Scully, 
Stecker, Helgason, others)

• FUV Dust extinction data 
(Cucciati et al. 2012, 
Burgarella et al. 2013)
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MCMC fit to:

• Gamma-ray 
absorption data 
(similar to previously 
published)

• Luminosity density 
data

• Mass density data

• Dust Extinction data
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Violet curves:  old (2010) model
Dark curves:  new model

red points:  most used in fit
blue points:  Saldana-Lopez et al. (2021)
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Madau & Fragos (2017)
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PRELIMINARY Latest model is a bit below lower limits
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Figure 12. Comparison of H0 constraints for early-Universe and late-Universe probes in a flat ⇤CDM cosmology. The early-Universe
probes shown here are from Planck (orange; Planck Collaboration et al. 2018b) and a combination of clustering and weak lensing data,
BAO, and big bang nucleosynthesis (grey; Abbott et al. 2018b). The late-Universe probes shown are the latest results from SH0ES (blue;
Riess et al. 2019) and H0LiCOW (red; this work). When combining the late-Universe probes (purple), we find a 5.3� tension with Planck.

7 SUMMARY

We have combined time-delay distances and angular diame-
ter distances from six lensed quasars in the H0LiCOW sam-
ple to achieve the highest-precision probe of H0 to date from
strong lensing time delays. Five of the six lenses are analyzed
blindly with respect to the cosmological parameters of inter-
est. Our main results are as follows:

• We find H0 = 73.3+1.7
�1.8 km s�1 Mpc�1 for a flat ⇤CDM

cosmology, which is a measurement to a precision of 2.4%.
This result is in agreement with the latest results from mea-
surements of type Ia SNe calibrated by the distance ladder
(Riess et al. 2019) and in 3.1� tension with Planck CMB
measurements (Planck Collaboration et al. 2018b).

• Our constraint on H0 in flat ⇤CDM is completely in-
dependent of and complementary to the latest results from
the SH0ES collaboration, so these two measurements can be
combined into a late-Universe constraint on H0. Together,
these are in tension with the best early-Universe (i.e., CMB)
determination of H0 from Planck at a significance of 5.3�.

• We check that the lenses in our sample are statistically
consistent with one another by computing Bayes factors be-
tween their H0 PDFs. We find that all six lenses are pairwise
consistent (i.e., F > 1), indicating that we are not underesti-

mating our uncertainties and are able to control systematic
e↵ects in our analysis.

• We compute parameter constraints for cosmologies be-
yond flat ⇤CDM. In an open ⇤CDM cosmology, we find
⌦k = 0.26+0.17

�0.25 and H0 = 74.4+2.1
�2.3 km s�1 Mpc�1, which

is still in tension with Planck, suggesting that allowing for
spatial curvature cannot resolve the discrepancy. In a flat
wCDM cosmology, we find H0 = 81.6+4.9

�5.3 km s�1 Mpc�1

and w = �1.90+0.56
�0.41. In a flat w0waCDM cosmology, we

find H0 = 81.3+5.1
�5.4 km s�1 Mpc�1, but are unable to place

meaningful constraints on w0 and wa.

• We combine our constraints with Planck, including
CMB weak lensing and BAO constraints. Although time-
delay cosmography is primarily sensitive to H0, with only
a weak dependence on other cosmological parameters, the
constraints are highly complementary to other probes such
as Planck, CMB weak lensing, and BAO. We test the open
⇤CDM and wCDM cosmologies, as well as cosmologies with
variable e↵ective neutrino species and/or sum of neutrino
masses, and a wCDM cosmology with a time-varying w. The
full parameter constraints for these models when combining
H0LiCOW and Planck are given in Table 7.

• We use the distance measurements from time-delay cos-
mography to calibrate the distance scale of type Ia SNe from
the JLA and Pantheon samples. This provides a probe of H0

MNRAS 000, 1–?? (2019)

Wong et al. (2020)

Statistically significant tension 
between “early” and “late” 
universe measures of H0.

5.2σ tension
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luminosity density measurements
Galaxy surveys
Depend on cosmological parameters

Gamma ray absorption of EBL
Fermi Telescope
Does NOT depend on cosmological 
parameters

Two ways of measuring related 
quantities.  One depends on 

cosmological parameters, one does 
not!

Allows measurements of cosmological 
parameters!
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the cosmic emissivity. The buildup of the EBL is related to the volume emissivity j(✏, z) (or
equivalently, luminosity density) via:

nEBL(✏, z) = (1 + z)
3

Z 1

z

j(✏
0
, z̄)

✏0

����
dt

dz̄

���� dz̄, (S7)

where ✏
0
= ✏(1 + z̄) is the rest-frame energy at z̄. The EBL spectral intensity (see Figure 2) can

be found from the number density by ✏I(✏, z) =
c
4⇡ ✏

2
nEBL(✏, z).

Model for the Cosmic Emissivity
Our task is to reconstruct j(✏, z) based on the measured optical depths reported in Figure S3
without making assumptions on galaxy properties or their stellar population. We represent j(�)

as the sum of several log-normal templates with a fixed peak position:

j(�) =

X

i

ai · exp

"
�(log � � log �i)

2

2�2

#
[erg · s

�1
cm

�3
Hz

�1
] (S8)

where we fix � = 0.2, �i = [0.17, 0.92, 2.2, 8.0] µm and the amplitudes ai are left free to
vary. We find that four log-normal templates allow for a sufficiently flexible spectral shape
from UV to the mid-IR. A Lyman-break is imposed by cutting off the spectrum at ✏ > 13.6 eV
where neutral hydrogen becomes opaque. We have chosen the fixed locations (�i) and width
(�) of the templates such that common features in galaxy SEDs, a flat far-UV continuum and
a 4000Å/Balmer break, are easily captured. Each template is allowed to evolve independently
with redshift based on a function similar to the SFH parametrization of (1) leading to the full
expression

j(�i, z) =

X

i

ai · exp

"
�(log � � log �i)

2

2�2

#
⇥ (1 + z)

bi

1 +

⇣
1+z
ci

⌘di
. (S9)

At each of the fixed wavelengths �i, one parameter controls the amplitude, ai, and three control
the evolution, bi, ci and di, yielding a total of 4⇥4 = 16 free parameters. The number of optical
depth data points is 60.

To explore the sensitivity to different functional forms for the evolution, we also test the
parametrization from (73):

j(�i, z) / ai + biz

1 + (z/ci)
di

, (S10)

with free parameters ai, bi, ci, and di which we display alongside our main results for the SFH
in Figure S11.

32

Fit luminosity density with simple empirical model:

From this, compute EBL, γ-ray absorption opacity

Do MCMC fit to luminosity density and γ-ray absorption data

Free parameters:  H0, Ωm, [ai, bi, ci, di, i =1..4]
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Dominguez et al. (2019)
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Figure 3. Examples of the optical depth dependence on Ωm for three redshifts (z = 0.14, 1.01, and 2.41). These plots
are produced by fixing H0 to the most likely value and varying Ωm, shown as a gray band, from 0.05 (upper bound)
to 0.6 (lower bound) assuming the EBL model by F10. We see the little dependence of the optical depth with Ωm and
that the variation is larger for the higher redshifts.
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H0 = 71.8± 3.6 km s−1 Mpc−1 Ωm = 0.15± 0.06

H0 = 63.0± 4.0 km s−1 Mpc−1 Ωm = 0.13± 0.06

H0 = 67.4+6.0
−6.2 km s−1 Mpc−1 Ωm = 0.14± 0.06

Figure 4. Posterior probability (1σ and 2σ) contours for
H0 and Ωm assuming the EBL model by F10 (purple)
and D11 (orange), and also combining the results from
both models (green). We consider both models to be
equally likely.

4.2. Combination of results from different probes

Here we combine our cosmological constraints from the
attenuation of γ-rays with results from the primary cos-
mological probes. In particular, we consider a compi-
lation of the baryon acoustic oscillation (BAO) obser-
vations and Type Ia supernovae. Our BAO sample in-
cludes the angular diameter distances and Hubble pa-
rameters from the SDSS-III/BOSS (Alam et al. 2015)
measured at redshifts z = 0.38, 0.5, and 0.61 using prere-
construction (independent of cosmological model) meth-
ods (Alam et al. 2017), distance measurements from the
6dF survey at z = 0.106 (Beutler et al. 2011) and from
the Main Galaxy Sample of the SDSS (SDSS-MGS) at
z = 0.15 (Ross et al. 2015). For the SN data, we use
distance moduli from a joint likelihood analysis of SDSS-
II and SNLS type Ia supernovae samples (Betoule et al.
2014).
The BAO signal depends primarily on Ωm, H0 and

Methodology H0 [km s−1 Mpc−1] Ωm

Gamma-ray Attenuation 65.8+3.1
−3.0 0.32 (fixed)

Gamma-ray Attenuation 68 (fixed) 0.17+0.07
−0.08

Gamma-ray Attenuation 67.4+6.0
−6.2 0.14+0.06

−0.07

Joint Likelihood Analysis 66.6± 1.6 0.29 ± 0.02

Table 1. The favored values ofH0 and Ωm from γ-ray atten-
uation (fixing Ωm, H0, and also leaving free both parameters)
and from our joint analysis of BAO+BBN+SN+γ results.
Uncertainties are given at 1σ.

the baryon density parameter Ωbh2. Therefore, BAO
observations at a single redshift result in strong de-
generacies between these three parameters. Follow-
ing Addison et al. (2013), Aubourg et al. (2015), and
Lin & Ishak (2017), we break this degeneracy by as-
suming a prior on Ωbh2 from the Big Bang nucleosyn-
thesis theory constrained by the local measurements of
the primordial light element abundances. In particu-
lar, we adopt 100Ωbh2 = 2.208 ± 0.052 from the recent
precise measurement of the primordial deuterium abun-
dance in the most metal-poor damped Lyman-α system
(Cooke et al. 2016). We also use the COBE/FIRAS mea-
surement of the temperature of the cosmic microwave
background radiation, i.e. TCMB = (2.7255± 0.0006) K
(Fixsen 2009). This makes the parameter set complete
for calculating the sound horizon scale. For this part
of the computation we use the camb code (Lewis et al.
2000).
Figure 6 shows marginalized constraints on Ωm and H0

from the BAO data with the BBN prior. We emphasize
that these results are independent of any cosmological
constrain from the CMB. In Figure 6 is also shown anal-
ogous constraints from the supernova data. The lower
bound in Ωm results from adopting the same BBN prior
which naturally requires Ωb ≤ Ωm.
Our constraints on Ωm and H0 are fully consistent

with both BAO and SN observations. Figure 6 also

Completely independent of other methods for 
measuring cosmological parameters!
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Figure 12. Comparison of H0 constraints for early-Universe and late-Universe probes in a flat ⇤CDM cosmology. The early-Universe
probes shown here are from Planck (orange; Planck Collaboration et al. 2018b) and a combination of clustering and weak lensing data,
BAO, and big bang nucleosynthesis (grey; Abbott et al. 2018b). The late-Universe probes shown are the latest results from SH0ES (blue;
Riess et al. 2019) and H0LiCOW (red; this work). When combining the late-Universe probes (purple), we find a 5.3� tension with Planck.

7 SUMMARY

We have combined time-delay distances and angular diame-
ter distances from six lensed quasars in the H0LiCOW sam-
ple to achieve the highest-precision probe of H0 to date from
strong lensing time delays. Five of the six lenses are analyzed
blindly with respect to the cosmological parameters of inter-
est. Our main results are as follows:

• We find H0 = 73.3+1.7
�1.8 km s�1 Mpc�1 for a flat ⇤CDM

cosmology, which is a measurement to a precision of 2.4%.
This result is in agreement with the latest results from mea-
surements of type Ia SNe calibrated by the distance ladder
(Riess et al. 2019) and in 3.1� tension with Planck CMB
measurements (Planck Collaboration et al. 2018b).

• Our constraint on H0 in flat ⇤CDM is completely in-
dependent of and complementary to the latest results from
the SH0ES collaboration, so these two measurements can be
combined into a late-Universe constraint on H0. Together,
these are in tension with the best early-Universe (i.e., CMB)
determination of H0 from Planck at a significance of 5.3�.

• We check that the lenses in our sample are statistically
consistent with one another by computing Bayes factors be-
tween their H0 PDFs. We find that all six lenses are pairwise
consistent (i.e., F > 1), indicating that we are not underesti-

mating our uncertainties and are able to control systematic
e↵ects in our analysis.

• We compute parameter constraints for cosmologies be-
yond flat ⇤CDM. In an open ⇤CDM cosmology, we find
⌦k = 0.26+0.17

�0.25 and H0 = 74.4+2.1
�2.3 km s�1 Mpc�1, which

is still in tension with Planck, suggesting that allowing for
spatial curvature cannot resolve the discrepancy. In a flat
wCDM cosmology, we find H0 = 81.6+4.9

�5.3 km s�1 Mpc�1

and w = �1.90+0.56
�0.41. In a flat w0waCDM cosmology, we

find H0 = 81.3+5.1
�5.4 km s�1 Mpc�1, but are unable to place

meaningful constraints on w0 and wa.

• We combine our constraints with Planck, including
CMB weak lensing and BAO constraints. Although time-
delay cosmography is primarily sensitive to H0, with only
a weak dependence on other cosmological parameters, the
constraints are highly complementary to other probes such
as Planck, CMB weak lensing, and BAO. We test the open
⇤CDM and wCDM cosmologies, as well as cosmologies with
variable e↵ective neutrino species and/or sum of neutrino
masses, and a wCDM cosmology with a time-varying w. The
full parameter constraints for these models when combining
H0LiCOW and Planck are given in Table 7.

• We use the distance measurements from time-delay cos-
mography to calibrate the distance scale of type Ia SNe from
the JLA and Pantheon samples. This provides a probe of H0

MNRAS 000, 1–?? (2019)

5.2σ tension

γ rays 67.4 +6.0
-6.2

Wong et al. (2020)

EBL γ-ray absorption is a “late 
universe” measure.  

But H0 result is closer to “early” 
universe measure (although 
errors are large and consistent 
with both) 

Also interesting…our measure 
extends to higher z (earlier in 
time) than any other “late” 
universe measure
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z>1.4z<1.4

Ωm = 0.315
(Planck Collab. 2018)

EBL result depends on redshift cut!
Errors are large though; 1.6σ tension

PRELIMINARY
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• Updated previous 2010 model to include more realistic stellar spectra, metallicity and mass 
density evolution.

• Did fit with model with SFR and dust parameters free to vary.  

• SFR, mass density, metallicity, and dust extinction as function of redshift constrained

• Possible to use gamma-ray absorption to constrain cosmological parameters (Dominguez et 
al. 2019)
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• Uses Schaerer (2002) model for m > 5

• PEGASE model for m < 5 
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atmosphere
Background light from:

Solar system 
(zodiacal)

Milky Way

Extragalactic light

Hubble 
Space 
Telescope

COBE

Can avoid atmospheric 
background by going outside 
atmosphere.  E.g., Bernstein 
(2002, 2007); Hauser (1998).

Spacecraft which have left 
the solar system can avoid 
zodiacal background.  Toller 
(1983); Murthy (1999); 
Edelstien (2000);  Matsuoka 
(2011); Zemcov et al. (2017)

Voyager 1/2 
Pioneer 10/11
New Horizons

We are 
interested in 
this
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Results are dependent 
on IMF


