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1 Extended data tables10

Table 1. Local galaxy data

Galaxy
dL logM∗ Re Ṁ∗ hg σg logΣg

[Mpc] [M�] [kpc] [M� yr−1] [pc] [km s−1] [M� pc−2]

Arp 220 80.9 [1] 10.63 [2] 3.4 [3] 267 [4] 75 [5] 100 [5] 4.0 [5]

NGC 253 3.56 [1] 10.4 [6] 3.87 [7] 4.68 [6] / 1.73 [8] b 130 [5] 26 [5] 2.6 [5]

M 31 0.77 [1] 10.84 [9] 1.38 [10] 0.40 [9] 150 [11] 10 [12] 0.68 [13]

NGC 4945 3.72 [1] 10.52 [14] 2.34 [15] 4.35 [16] -a 20 [17] -a

For each entry, we give a value followed by the reference from which that value is taken.

a NGC 4945 is observed edge-on, so measurements of the gas scale height and gas surface density are

unavailable. We derive them in the usual manner, as described in the Methods, using the measured gas

velocity dispersion.

b The gas data come exclusively from the nuclear starburst region, so we give two SFR estimates: the first is

for the entire galaxy, and the second is for the nuclear starburst region only. We use the former for our stellar

data spectrum prediction and the latter for our gas prediction.



2 Extended data figures11

1

0

1

2

3

4

5

6

lo
g (

ga
s

M
pc

2
)

0.0 < z < 1.0 1.0 < z < 2.0

0 1 2 3 4 5
log( E

GeV )

1

0

1

2

3

4

5

6

lo
g (

ga
s

M
pc

2
)

2.0 < z < 3.0

0 1 2 3 4 5
log( E

GeV )

3.0 < z < 8.0

0.0

0.2

0.4

0.6

0.8

1.0
fcal

Figure 1. Mean calorimetry fraction fcal(E) in the surface gas density Σg, cosmic ray energy E plane, binned in redshift
intervals. This figure is constructed by deriving the gas surface density and energy dependent calorimetry fraction for each
galaxy in the CANDELS sample using our model. The colour of each pixel gives the mean calorimetry fraction of all the
galaxies within that particular range of Σg, E, and redshift. The horizontal white stripes correspond to ranges of Σg into which
no CANDELS galaxies fall for the corresponding redshift range. Several physical processes contribute to the behaviour visible
in the plot. At low Σg, galaxies have low fcal at all energies E because there are few targets for hadronic collisions with CRs.
As Σg increases, the increased ISM density results in efficient calorimetry and conversion of CR energy into γ-rays for low CR
energies; however, at higher energies the CR number density is low, yielding a high CR streaming velocity and rapid escape,
resulting in low fcal. As Σg increases further, the increasing density results in the streaming instability being suppressed
efficiently by ion-neutral damping towards lower energies, reducing the calorimetry fraction further. Finally, at the highest Σg,
the streaming instability is suppressed completely by ion-neutral damping, but streaming is still limited to the speed of light.
Consequently, increasing Σg further only results in increased collisions, and thus a higher calorimetry fraction.
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Figure 2. Calorimetry fraction in the surface gas density (Σg), redshift (z) plane at CR energies E = 1 GeV, 10 GeV, 1 TeV
and 10 TeV. To construct this figure, for each CANDELS sample galaxy, we apply our model to compute Σg and fcal(E) at the
indicated energies. The colour indicates the average fcal(E) value computed over bins of (z,Σg), while contours indicate the
density of the CANDELS sample in this plane. Note that the non-monotonic behaviour of fcal(E) with Σg that is most
prominently visible in the 1 TeV panel is expected, for the reasons explained in the caption of Extended Data Figure 1.
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Figure 3. The contribution of SFGs to the total γ-ray spectrum at selected energies in the star formation rate (Ṁ∗), redshift (z)
plane. Coloured pixels show the fractional contribution (as indicated in the colourbar) from galaxies in each bin of Ṁ∗ and z to
the diffuse isotropic γ-ray background at the indicated energy; a fractional contribution of unity corresponds to that pixel
producing all of the background, with no contribution from galaxies outside the pixel. Grey points show individual CANDELS
galaxies in regions of Ṁ∗ and z that contribute < 10−3 of the total. Flanking histograms show the fractional contribution binned
in one dimension – Ṁ∗ (right) and z (top). We see that the background at lower energies is dominated by emission from
galaxies on the high side of the star forming main sequence at z ∼ 1−2, while at high energies it is dominated by the brightest
systems at low redshift.
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Figure 4. The diffuse γ-ray and neutrino backgrounds. The blue line and black points show the model-predicted and observed
γ-ray background, and are identical to those shown in Figure 4. The red lines show our model prediction for the neutrino
background (single flavour) with Ecut = 100 PeV (solid line) and Ecut = 1 PeV (dashed line), computed as described in the
Supplementary Information. We assume a neutrino flavour ratio at the detector of

(
νe : νµ : ντ

)
= (1 : 1 : 1). The red filled

band shows a power law fit [18] to the single flavour astrophysical neutrino background.
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