
Gravitational Production of 
Dark Matter after Inflation

• Instantaneous vs non-instantaneous reheating
•Freeze-in Production of DM
•Gravitational Portals
•Scalar DM from large scale fluctuations
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For |m2| << H2
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Field moves very little for a period
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Plenty of inflation possible!
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• If the inflaton is coupled to SM fields,  with decay rate Γ𝜑 ,                                       
inflaton decays lead to reheating

4

falling as T / a
�3/8. The reheating temperature is de-

fined through [30, 31]
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when the energy density of the inflaton is equal to the
energy density of radiation, corresponding to
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In order to evaluate the constraint on Treh from over-
production of supersymmetric dark matter in scenarios
where the gravitino is lighter than Treh, we use the ex-
pression [29, 32]9
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where Y3/2 ⌘ n3/2/nrad is the gravitino yield, nrad =
⇣(3)T 3

/⇡
2, m3/2 the gravitino mass, and m1/2 the gluino

mass [33–35]. Disregarding the term m
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2
3/2 in

(26) and using the observed dark matter density today,
⌦CDMh

2
' 0.12, we find the following upper limit on the

Yukawa-like inflaton coupling, assuming that the grav-
itino decays after the lightest supersymmetric particle
(LSP) decouples,

|y| < 9.2⇥ 10�8
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where mLSP is the mass of the LSP and the inflaton
masses for the di↵erent inflationary attractor potentials
are given by Eqs. (22) and (23).10 We note that, since
m' / 1/

p
↵, |y| / ↵

1/4.11

In high-scale supersymmetry models in which the grav-
itino mass may be significantly larger than the elec-
troweak scale and the other supersymmetric particles are
heavier than the inflaton, the gravitino, which is now the
LSP, is pair-produced via its longitudinal components
[37]. In such a scenario, we find [38]
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9 We use here an analytical approximation since there is only a
0.03 % di↵erence between the analytical and fully numerical cal-
culation.

10 If the gravitino is the LSP, the second term in the brackets in
(26) must be taken into account, and the constraint on y depends
on the ratio m1/2/m3/2.

11 For another recent analysis of gravitino constraints in light of the
BICEP/Keck results, see [36].

wherem3/2 is the gravitino mass and ↵3 is the strong cou-
pling. Using the observed dark matter abundance today
to constrain ⌦3/2h

2, we find that avoiding overproduc-
tion of dark matter imposes the following bound:
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We note that in a non-supersymmetric theory there
would, in general, be a lower limit on y due to the fact
that it generates radiative corrections / y

4 in the ef-
fective inflaton potential [39]. However, this is not the
case in supersymmetric models such as those discussed
above, where these radiative corrections cancel down to
the level of the relatively small supersymmetry-breaking
e↵ects [40].

IV. RESULTS

We solve the cosmic background equations (17)-(20)
numerically to determine the number of e-folds N⇤, NEW,
and NBBN. In the ↵ = 1 case, the procedure of calcu-
lating the analytical approximations for N⇤ is given in
Appendix A (see Eqs. (A.11) and (A.12)). The full nu-
merical computation of the CMB observables is discussed
in Appendix B.

Figure 1 summarizes our numerical results based on
the analysis of [3]: those for ↵-Starobinsky models are
shown in the upper pair of panels and those for T mod-
els in the lower pair. For each of the two models, we
derive limits on N⇤ from the requirements that Treh > 2
MeV (100 GeV) and the supersymmetric relic density
when mLSP = 100 GeV. The former gives a lower limit
to N⇤, while the latter gives an upper limit. We also de-
rive the corresponding limits on y. These are compared
to the 68% and 95% C.L. limits on N and y from the
BICEP/Keck constraints on ns. For ↵ = 1, we find the
following limits:

↵-Starobinsky :

41.8(45.6) < N⇤ < 51.8,

1.7⇥ 10�18(1.6⇥ 10�13) < |y| < 2.6⇥ 10�5
,

N68% = 50.9, N95% = 45.9,

Treh, 68% = 8.7⇥ 108 GeV, Treh, 95% = 2.4⇥ 102 GeV,

y68% = 1.7⇥ 10�6
, y95% = 3.8⇥ 10�13

, (30)

T Model :

42.0(45.8) < N⇤ < 52.1,

2.3⇥ 10�18(2.2⇥ 10�13) < |y| < 3.6⇥ 10�5
,

N68% = 52.6, N95% = 47.5,

Treh, 68% = 5.9⇥ 1010 GeV, Treh, 95% = 1.4⇥ 104 GeV,

y68% = 1.7⇥ 10�4
, y95% = 3.6⇥ 10�11

. (31)
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In order to evaluate the constraint on Treh from over-
production of supersymmetric dark matter in scenarios
where the gravitino is lighter than Treh, we use the ex-
pression [29, 32]9
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where mLSP is the mass of the LSP and the inflaton
masses for the di↵erent inflationary attractor potentials
are given by Eqs. (22) and (23).10 We note that, since
m' / 1/
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In high-scale supersymmetry models in which the grav-
itino mass may be significantly larger than the elec-
troweak scale and the other supersymmetric particles are
heavier than the inflaton, the gravitino, which is now the
LSP, is pair-produced via its longitudinal components
[37]. In such a scenario, we find [38]
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9 We use here an analytical approximation since there is only a
0.03 % di↵erence between the analytical and fully numerical cal-
culation.

10 If the gravitino is the LSP, the second term in the brackets in
(26) must be taken into account, and the constraint on y depends
on the ratio m1/2/m3/2.

11 For another recent analysis of gravitino constraints in light of the
BICEP/Keck results, see [36].
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We note that in a non-supersymmetric theory there
would, in general, be a lower limit on y due to the fact
that it generates radiative corrections / y

4 in the ef-
fective inflaton potential [39]. However, this is not the
case in supersymmetric models such as those discussed
above, where these radiative corrections cancel down to
the level of the relatively small supersymmetry-breaking
e↵ects [40].

IV. RESULTS

We solve the cosmic background equations (17)-(20)
numerically to determine the number of e-folds N⇤, NEW,
and NBBN. In the ↵ = 1 case, the procedure of calcu-
lating the analytical approximations for N⇤ is given in
Appendix A (see Eqs. (A.11) and (A.12)). The full nu-
merical computation of the CMB observables is discussed
in Appendix B.

Figure 1 summarizes our numerical results based on
the analysis of [3]: those for ↵-Starobinsky models are
shown in the upper pair of panels and those for T mod-
els in the lower pair. For each of the two models, we
derive limits on N⇤ from the requirements that Treh > 2
MeV (100 GeV) and the supersymmetric relic density
when mLSP = 100 GeV. The former gives a lower limit
to N⇤, while the latter gives an upper limit. We also de-
rive the corresponding limits on y. These are compared
to the 68% and 95% C.L. limits on N and y from the
BICEP/Keck constraints on ns. For ↵ = 1, we find the
following limits:
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,
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In order to evaluate the constraint on Treh from over-
production of supersymmetric dark matter in scenarios
where the gravitino is lighter than Treh, we use the ex-
pression [29, 32]9

Y3/2(T ) = 0.00336

 
1 + 0.51

m
2
1/2

m
2
3/2

!✓
�'

Mp

◆1/2

, (26)

where Y3/2 ⌘ n3/2/nrad is the gravitino yield, nrad =
⇣(3)T 3

/⇡
2, m3/2 the gravitino mass, and m1/2 the gluino

mass [33–35]. Disregarding the term m
2
1/2/m

2
3/2 in

(26) and using the observed dark matter density today,
⌦CDMh

2
' 0.12, we find the following upper limit on the

Yukawa-like inflaton coupling, assuming that the grav-
itino decays after the lightest supersymmetric particle
(LSP) decouples,

|y| < 9.2⇥ 10�8

s
MP

m'

✓
100GeV

mLSP

◆
, (27)

where mLSP is the mass of the LSP and the inflaton
masses for the di↵erent inflationary attractor potentials
are given by Eqs. (22) and (23).10 We note that, since
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In high-scale supersymmetry models in which the grav-
itino mass may be significantly larger than the elec-
troweak scale and the other supersymmetric particles are
heavier than the inflaton, the gravitino, which is now the
LSP, is pair-produced via its longitudinal components
[37]. In such a scenario, we find [38]
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9 We use here an analytical approximation since there is only a
0.03 % di↵erence between the analytical and fully numerical cal-
culation.

10 If the gravitino is the LSP, the second term in the brackets in
(26) must be taken into account, and the constraint on y depends
on the ratio m1/2/m3/2.

11 For another recent analysis of gravitino constraints in light of the
BICEP/Keck results, see [36].
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We note that in a non-supersymmetric theory there
would, in general, be a lower limit on y due to the fact
that it generates radiative corrections / y

4 in the ef-
fective inflaton potential [39]. However, this is not the
case in supersymmetric models such as those discussed
above, where these radiative corrections cancel down to
the level of the relatively small supersymmetry-breaking
e↵ects [40].

IV. RESULTS

We solve the cosmic background equations (17)-(20)
numerically to determine the number of e-folds N⇤, NEW,
and NBBN. In the ↵ = 1 case, the procedure of calcu-
lating the analytical approximations for N⇤ is given in
Appendix A (see Eqs. (A.11) and (A.12)). The full nu-
merical computation of the CMB observables is discussed
in Appendix B.

Figure 1 summarizes our numerical results based on
the analysis of [3]: those for ↵-Starobinsky models are
shown in the upper pair of panels and those for T mod-
els in the lower pair. For each of the two models, we
derive limits on N⇤ from the requirements that Treh > 2
MeV (100 GeV) and the supersymmetric relic density
when mLSP = 100 GeV. The former gives a lower limit
to N⇤, while the latter gives an upper limit. We also de-
rive the corresponding limits on y. These are compared
to the 68% and 95% C.L. limits on N and y from the
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where mLSP is the mass of the LSP and the inflaton
masses for the di↵erent inflationary attractor potentials
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We note that in a non-supersymmetric theory there
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4 in the ef-
fective inflaton potential [39]. However, this is not the
case in supersymmetric models such as those discussed
above, where these radiative corrections cancel down to
the level of the relatively small supersymmetry-breaking
e↵ects [40].

IV. RESULTS

We solve the cosmic background equations (17)-(20)
numerically to determine the number of e-folds N⇤, NEW,
and NBBN. In the ↵ = 1 case, the procedure of calcu-
lating the analytical approximations for N⇤ is given in
Appendix A (see Eqs. (A.11) and (A.12)). The full nu-
merical computation of the CMB observables is discussed
in Appendix B.

Figure 1 summarizes our numerical results based on
the analysis of [3]: those for ↵-Starobinsky models are
shown in the upper pair of panels and those for T mod-
els in the lower pair. For each of the two models, we
derive limits on N⇤ from the requirements that Treh > 2
MeV (100 GeV) and the supersymmetric relic density
when mLSP = 100 GeV. The former gives a lower limit
to N⇤, while the latter gives an upper limit. We also de-
rive the corresponding limits on y. These are compared
to the 68% and 95% C.L. limits on N and y from the
BICEP/Keck constraints on ns. For ↵ = 1, we find the
following limits:

↵-Starobinsky :

41.8(45.6) < N⇤ < 51.8,

1.7⇥ 10�18(1.6⇥ 10�13) < |y| < 2.6⇥ 10�5
,

N68% = 50.9, N95% = 45.9,

Treh, 68% = 8.7⇥ 108 GeV, Treh, 95% = 2.4⇥ 102 GeV,

y68% = 1.7⇥ 10�6
, y95% = 3.8⇥ 10�13

, (30)

T Model :

42.0(45.8) < N⇤ < 52.1,

2.3⇥ 10�18(2.2⇥ 10�13) < |y| < 3.6⇥ 10�5
,

N68% = 52.6, N95% = 47.5,

Treh, 68% = 5.9⇥ 1010 GeV, Treh, 95% = 1.4⇥ 104 GeV,

y68% = 1.7⇥ 10�4
, y95% = 3.6⇥ 10�11

. (31)
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when the energy density of the inflaton is equal to the
energy density of radiation, corresponding to

Treh ' 1.9⇥ 1015 GeV · y · g
�1/4
reh

✓
m'

3⇥ 1013 GeV

◆1/2

.

(25)
In order to evaluate the constraint on Treh from over-
production of supersymmetric dark matter in scenarios
where the gravitino is lighter than Treh, we use the ex-
pression [29, 32]9
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where Y3/2 ⌘ n3/2/nrad is the gravitino yield, nrad =
⇣(3)T 3

/⇡
2, m3/2 the gravitino mass, and m1/2 the gluino

mass [33–35]. Disregarding the term m
2
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2
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(26) and using the observed dark matter density today,
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' 0.12, we find the following upper limit on the

Yukawa-like inflaton coupling, assuming that the grav-
itino decays after the lightest supersymmetric particle
(LSP) decouples,
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where mLSP is the mass of the LSP and the inflaton
masses for the di↵erent inflationary attractor potentials
are given by Eqs. (22) and (23).10 We note that, since
m' / 1/

p
↵, |y| / ↵

1/4.11

In high-scale supersymmetry models in which the grav-
itino mass may be significantly larger than the elec-
troweak scale and the other supersymmetric particles are
heavier than the inflaton, the gravitino, which is now the
LSP, is pair-produced via its longitudinal components
[37]. In such a scenario, we find [38]
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9 We use here an analytical approximation since there is only a
0.03 % di↵erence between the analytical and fully numerical cal-
culation.

10 If the gravitino is the LSP, the second term in the brackets in
(26) must be taken into account, and the constraint on y depends
on the ratio m1/2/m3/2.

11 For another recent analysis of gravitino constraints in light of the
BICEP/Keck results, see [36].

wherem3/2 is the gravitino mass and ↵3 is the strong cou-
pling. Using the observed dark matter abundance today
to constrain ⌦3/2h

2, we find that avoiding overproduc-
tion of dark matter imposes the following bound:
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We note that in a non-supersymmetric theory there
would, in general, be a lower limit on y due to the fact
that it generates radiative corrections / y

4 in the ef-
fective inflaton potential [39]. However, this is not the
case in supersymmetric models such as those discussed
above, where these radiative corrections cancel down to
the level of the relatively small supersymmetry-breaking
e↵ects [40].

IV. RESULTS

We solve the cosmic background equations (17)-(20)
numerically to determine the number of e-folds N⇤, NEW,
and NBBN. In the ↵ = 1 case, the procedure of calcu-
lating the analytical approximations for N⇤ is given in
Appendix A (see Eqs. (A.11) and (A.12)). The full nu-
merical computation of the CMB observables is discussed
in Appendix B.

Figure 1 summarizes our numerical results based on
the analysis of [3]: those for ↵-Starobinsky models are
shown in the upper pair of panels and those for T mod-
els in the lower pair. For each of the two models, we
derive limits on N⇤ from the requirements that Treh > 2
MeV (100 GeV) and the supersymmetric relic density
when mLSP = 100 GeV. The former gives a lower limit
to N⇤, while the latter gives an upper limit. We also de-
rive the corresponding limits on y. These are compared
to the 68% and 95% C.L. limits on N and y from the
BICEP/Keck constraints on ns. For ↵ = 1, we find the
following limits:

↵-Starobinsky :

41.8(45.6) < N⇤ < 51.8,

1.7⇥ 10�18(1.6⇥ 10�13) < |y| < 2.6⇥ 10�5
,

N68% = 50.9, N95% = 45.9,

Treh, 68% = 8.7⇥ 108 GeV, Treh, 95% = 2.4⇥ 102 GeV,

y68% = 1.7⇥ 10�6
, y95% = 3.8⇥ 10�13

, (30)

T Model :

42.0(45.8) < N⇤ < 52.1,

2.3⇥ 10�18(2.2⇥ 10�13) < |y| < 3.6⇥ 10�5
,

N68% = 52.6, N95% = 47.5,

Treh, 68% = 5.9⇥ 1010 GeV, Treh, 95% = 1.4⇥ 104 GeV,

y68% = 1.7⇥ 10�4
, y95% = 3.6⇥ 10�11

. (31)
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where TRH is defined by [37]
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Thus for all models with a reheat temperature due to
decays, which is less than that given in Eq. (69), the
maximum temperature during the reheat process is de-
termined by scattering (mediated by gravity) and thus
can not be ignored. Note also that for such small values
of y, the kinetic effects due to the effective mass induced
by the coupling y�f̄f are non-existent, as shown in [37].

We show in Fig. 2 the evolution of the energy densities
of the inflaton (blue), the radiation produced by inflaton
decays (orange dashed), the radiation produced by infla-
ton scattering mediated by gravity (green dashed), and
the total radiation density (red) as function of the scaling
parameter a/aend for a Yukawa-like coupling y = 10�8

with k = 2 and ⇢end = 1064 GeV4. We clearly see that
the beginning of the evolution of the radiation density
is dominated by the scattering of the inflaton via gravi-
ton exchange (orange line), which determines the maxi-
mum temperature. For k = 2, the radiation density from
scattering falls as a

�4 [37], whereas the density from de-
cays falls more slowly as a

�3/2 so that eventually the
latter begins to dominate the population of the thermal
bath when a = aint, until the reheating is complete when
⇢� = ⇢R at a = aRH. For aint � aend, we can approxi-
mate the cross-over point from Eqs. (56) and (63) using
the equality ⇢

y

R
= ⇢

h

R
. For sufficiently small y and for

k = 2, we find
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which gives aint ' 430 aend in good agreement with
the numerical solution for the parameter choices used
in Fig. 2. We stress that the maximum temperature at-
tained Tmax ' 1012 GeV is independent of any beyond
the Standard Model physics, and is purely gravitational
and can not be ignored when production rates are highly
dependent on the ratio Tmax/TRH.

We can finally apply our result to the dark matter pro-
duction through a graviton exchange while the bath is
also dominated by scattering of � through graviton ex-
change. For TRH . 109 GeV, the Boltzmann equation
one needs to consider is
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FIG. 2: Evolution of the radiation density (red) and inflaton

density (blue) as a function of a/aend for a Yukawa-like

coupling y = 10�8
with ⇢end = 1064 GeV

4
and k = 2. This

plot is obtained by solving numerically equations (29), (30)

and (55). The evolution of the radiation density produced

from inflaton decays (orange-dashed) and scattering

mediated by gravity (green-dashed) are also shown.
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where aint corresponds to the value of the scale factor
when the radiation density produced by inflaton decays
begins dominate over that produced by gravitational in-
flaton scattering (this only occurs if y satisfies the bound
in Eq. (67)). For a > aint, the slope of the radiation en-
ergy density curve as a function of a changes as seen in
Fig. 2 and any thermal contribution to the production of
dark matter originates from inflaton decay.

For sufficiently small y, aint � aend, and Eq. (74) can
be simplified and we see that the dark matter yield does
not depend on this intermediate scale factor, but only on
aend and ⇢end. Thus for small y, we can also use Eq. (74)
to evaluate the dark matter density at a = aRH,

n
h

X
(aRH)' N

2
p

3�X�
2

k
(⌃h

k
)2M3

P

196608⇡2↵2

✓
k + 2

8k � 14

◆2

(75)

⇥ (k + 2)(4k � 7)2

(k � 1)(k + 5)(5k � 2)

✓
⇢end

M
4

P

◆ 7k�4

2k
✓

⇢RH

⇢end

◆ k+2

2k

Giudice, Kolb, Riotto;
Chung, Kolb, Riotto;

Garcia, Kaneta, 
Mambrini,  Olive;

Bernal;
Clery, Mambrini, Olive, 

Verner

<latexit sha1_base64="iOgwhr5j334RbFTIT+lWpA+i1W0="></latexit>

⇢�(a) = ⇢end
⇣aend

a

⌘ 6k
k+2



Reheating: Generation of the 
Radiation bath

For
<latexit sha1_base64="2wE0+bLNIFtdftluBE2wNGsiarU=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlE1GXRhV1WsA9oQphMJ+3QmSTMTJQS+yluXCji1i9x5984fSDaeuDC4Zx7ufeeMOVMacf5sgorq2vrG8XN0tb2zu6eXd5vqSSThDZJwhPZCbGinMW0qZnmtJNKikXIaTscXk/89j2ViiXxnR6l1Be4H7OIEayNFNhl7wYLgQOvMWDI4xzVA7viVJ0p0A9xF0kF5mgE9qfXS0gmaKwJx0p1XSfVfo6lZoTTccnLFE0xGeI+7RoaY0GVn09PH6Njo/RQlEhTsUZT9fdEjoVSIxGaToH1QC16E/E/r5vp6NLPWZxmmsZktijKONIJmuSAekxSovnIEEwkM7ciMsASE23SKpkQll5eJq3TqntePbs9q9Su5nEU4RCO4ARcuIAa1KEBTSDwAE/wAq/Wo/VsvVnvs9aCNZ85gD+wPr4BB3uTNg==</latexit>

�� ⌧ H

<latexit sha1_base64="MlXtCrzSKM5BHPppPfkY1Abi7Wk="></latexit>

⇢R(a) = ⇢RH

⇣aRH

a

⌘ 6k�6

k+2 1�
�
ae

a

� 14�2k
k+2

1�
⇣

ae

aRH

⌘ 14�2k
k+2

9

where TRH is defined by [37]

⇢�(aRH) = ↵T
4

RH
= M

4

P

 p
3�

3

k
y
2⌃y

k
�
� 2

k (k + 2)

8⇡(7 � k)

!k

.

(70)
Thus for all models with a reheat temperature due to
decays, which is less than that given in Eq. (69), the
maximum temperature during the reheat process is de-
termined by scattering (mediated by gravity) and thus
can not be ignored. Note also that for such small values
of y, the kinetic effects due to the effective mass induced
by the coupling y�f̄f are non-existent, as shown in [37].

We show in Fig. 2 the evolution of the energy densities
of the inflaton (blue), the radiation produced by inflaton
decays (orange dashed), the radiation produced by infla-
ton scattering mediated by gravity (green dashed), and
the total radiation density (red) as function of the scaling
parameter a/aend for a Yukawa-like coupling y = 10�8

with k = 2 and ⇢end = 1064 GeV4. We clearly see that
the beginning of the evolution of the radiation density
is dominated by the scattering of the inflaton via gravi-
ton exchange (orange line), which determines the maxi-
mum temperature. For k = 2, the radiation density from
scattering falls as a

�4 [37], whereas the density from de-
cays falls more slowly as a

�3/2 so that eventually the
latter begins to dominate the population of the thermal
bath when a = aint, until the reheating is complete when
⇢� = ⇢R at a = aRH. For aint � aend, we can approxi-
mate the cross-over point from Eqs. (56) and (63) using
the equality ⇢
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which gives aint ' 430 aend in good agreement with
the numerical solution for the parameter choices used
in Fig. 2. We stress that the maximum temperature at-
tained Tmax ' 1012 GeV is independent of any beyond
the Standard Model physics, and is purely gravitational
and can not be ignored when production rates are highly
dependent on the ratio Tmax/TRH.

We can finally apply our result to the dark matter pro-
duction through a graviton exchange while the bath is
also dominated by scattering of � through graviton ex-
change. For TRH . 109 GeV, the Boltzmann equation
one needs to consider is
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where aint corresponds to the value of the scale factor
when the radiation density produced by inflaton decays
begins dominate over that produced by gravitational in-
flaton scattering (this only occurs if y satisfies the bound
in Eq. (67)). For a > aint, the slope of the radiation en-
ergy density curve as a function of a changes as seen in
Fig. 2 and any thermal contribution to the production of
dark matter originates from inflaton decay.

For sufficiently small y, aint � aend, and Eq. (74) can
be simplified and we see that the dark matter yield does
not depend on this intermediate scale factor, but only on
aend and ⇢end. Thus for small y, we can also use Eq. (74)
to evaluate the dark matter density at a = aRH,
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Thus for all models with a reheat temperature due to
decays, which is less than that given in Eq. (69), the
maximum temperature during the reheat process is de-
termined by scattering (mediated by gravity) and thus
can not be ignored. Note also that for such small values
of y, the kinetic effects due to the effective mass induced
by the coupling y�f̄f are non-existent, as shown in [37].

We show in Fig. 2 the evolution of the energy densities
of the inflaton (blue), the radiation produced by inflaton
decays (orange dashed), the radiation produced by infla-
ton scattering mediated by gravity (green dashed), and
the total radiation density (red) as function of the scaling
parameter a/aend for a Yukawa-like coupling y = 10�8

with k = 2 and ⇢end = 1064 GeV4. We clearly see that
the beginning of the evolution of the radiation density
is dominated by the scattering of the inflaton via gravi-
ton exchange (orange line), which determines the maxi-
mum temperature. For k = 2, the radiation density from
scattering falls as a

�4 [37], whereas the density from de-
cays falls more slowly as a

�3/2 so that eventually the
latter begins to dominate the population of the thermal
bath when a = aint, until the reheating is complete when
⇢� = ⇢R at a = aRH. For aint � aend, we can approxi-
mate the cross-over point from Eqs. (56) and (63) using
the equality ⇢
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which gives aint ' 430 aend in good agreement with
the numerical solution for the parameter choices used
in Fig. 2. We stress that the maximum temperature at-
tained Tmax ' 1012 GeV is independent of any beyond
the Standard Model physics, and is purely gravitational
and can not be ignored when production rates are highly
dependent on the ratio Tmax/TRH.

We can finally apply our result to the dark matter pro-
duction through a graviton exchange while the bath is
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change. For TRH . 109 GeV, the Boltzmann equation
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where aint corresponds to the value of the scale factor
when the radiation density produced by inflaton decays
begins dominate over that produced by gravitational in-
flaton scattering (this only occurs if y satisfies the bound
in Eq. (67)). For a > aint, the slope of the radiation en-
ergy density curve as a function of a changes as seen in
Fig. 2 and any thermal contribution to the production of
dark matter originates from inflaton decay.

For sufficiently small y, aint � aend, and Eq. (74) can
be simplified and we see that the dark matter yield does
not depend on this intermediate scale factor, but only on
aend and ⇢end. Thus for small y, we can also use Eq. (74)
to evaluate the dark matter density at a = aRH,

n
h

X
(aRH)' N

2
p

3�X�
2

k
(⌃h

k
)2M3

P

196608⇡2↵2

✓
k + 2

8k � 14

◆2

(75)

⇥ (k + 2)(4k � 7)2

(k � 1)(k + 5)(5k � 2)

✓
⇢end

M
4

P

◆ 7k�4

2k
✓

⇢RH

⇢end

◆ k+2

2k

<latexit sha1_base64="3p3/slrdxgZbNhu5YB/NNQ4pZXc=">AAACB3icdZDLSgMxGIUz9VbrbdSlIMEiuCoztagboejGZZXeoDMdMmmmDc1MhiQjlGF2bnwVNy4UcesruPNtTC9CvR0IHM75f5J8fsyoVJb1YeQWFpeWV/KrhbX1jc0tc3unKXkiMGlgzrho+0gSRiPSUFQx0o4FQaHPSMsfXo771i0RkvKorkYxcUPUj2hAMVI68sx9Rwy4d3PuBALhtO/VnZh2y1l6bGX1bsXxzKJdsiaC1i/zVRXBTDXPfHd6HCchiRRmSMqObcXKTZFQFDOSFZxEkhjhIeqTjrYRCol008k/Mniokx4MuNAnUnCSzm+kKJRyFPp6MkRqIH924/CvrpOo4MxNaRQnikR4elGQMKg4HEOBPSoIVmykDcKC6rdCPECaiNLoCvMQ/jfNcsk+KVWuK8XqxQxHHuyBA3AEbHAKquAK1EADYHAHHsATeDbujUfjxXidjuaM2c4u+Cbj7RMv5pjg</latexit>

⇢R =
gT⇡2

30
T 4

<latexit sha1_base64="osjkAd/WgUMknwMWTBDInIt9sms="></latexit>

amax

aend
=

✓
2k + 4

3k � 3

◆ k+2
14�2k 4

falling as T / a
�3/8. The reheating temperature is de-

fined through [30, 31]
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when the energy density of the inflaton is equal to the
energy density of radiation, corresponding to

Treh ' 1.9⇥ 1015 GeV · y · g
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In order to evaluate the constraint on Treh from over-
production of supersymmetric dark matter in scenarios
where the gravitino is lighter than Treh, we use the ex-
pression [29, 32]9

Y3/2(T ) = 0.00336
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where Y3/2 ⌘ n3/2/nrad is the gravitino yield, nrad =
⇣(3)T 3

/⇡
2, m3/2 the gravitino mass, and m1/2 the gluino

mass [33–35]. Disregarding the term m
2
1/2/m

2
3/2 in

(26) and using the observed dark matter density today,
⌦CDMh

2
' 0.12, we find the following upper limit on the

Yukawa-like inflaton coupling, assuming that the grav-
itino decays after the lightest supersymmetric particle
(LSP) decouples,

|y| < 9.2⇥ 10�8
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where mLSP is the mass of the LSP and the inflaton
masses for the di↵erent inflationary attractor potentials
are given by Eqs. (22) and (23).10 We note that, since
m' / 1/

p
↵, |y| / ↵

1/4.11

In high-scale supersymmetry models in which the grav-
itino mass may be significantly larger than the elec-
troweak scale and the other supersymmetric particles are
heavier than the inflaton, the gravitino, which is now the
LSP, is pair-produced via its longitudinal components
[37]. In such a scenario, we find [38]
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9 We use here an analytical approximation since there is only a
0.03 % di↵erence between the analytical and fully numerical cal-
culation.

10 If the gravitino is the LSP, the second term in the brackets in
(26) must be taken into account, and the constraint on y depends
on the ratio m1/2/m3/2.

11 For another recent analysis of gravitino constraints in light of the
BICEP/Keck results, see [36].

wherem3/2 is the gravitino mass and ↵3 is the strong cou-
pling. Using the observed dark matter abundance today
to constrain ⌦3/2h

2, we find that avoiding overproduc-
tion of dark matter imposes the following bound:
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We note that in a non-supersymmetric theory there
would, in general, be a lower limit on y due to the fact
that it generates radiative corrections / y

4 in the ef-
fective inflaton potential [39]. However, this is not the
case in supersymmetric models such as those discussed
above, where these radiative corrections cancel down to
the level of the relatively small supersymmetry-breaking
e↵ects [40].

IV. RESULTS

We solve the cosmic background equations (17)-(20)
numerically to determine the number of e-folds N⇤, NEW,
and NBBN. In the ↵ = 1 case, the procedure of calcu-
lating the analytical approximations for N⇤ is given in
Appendix A (see Eqs. (A.11) and (A.12)). The full nu-
merical computation of the CMB observables is discussed
in Appendix B.

Figure 1 summarizes our numerical results based on
the analysis of [3]: those for ↵-Starobinsky models are
shown in the upper pair of panels and those for T mod-
els in the lower pair. For each of the two models, we
derive limits on N⇤ from the requirements that Treh > 2
MeV (100 GeV) and the supersymmetric relic density
when mLSP = 100 GeV. The former gives a lower limit
to N⇤, while the latter gives an upper limit. We also de-
rive the corresponding limits on y. These are compared
to the 68% and 95% C.L. limits on N and y from the
BICEP/Keck constraints on ns. For ↵ = 1, we find the
following limits:

↵-Starobinsky :

41.8(45.6) < N⇤ < 51.8,

1.7⇥ 10�18(1.6⇥ 10�13) < |y| < 2.6⇥ 10�5
,

N68% = 50.9, N95% = 45.9,

Treh, 68% = 8.7⇥ 108 GeV, Treh, 95% = 2.4⇥ 102 GeV,

y68% = 1.7⇥ 10�6
, y95% = 3.8⇥ 10�13

, (30)

T Model :

42.0(45.8) < N⇤ < 52.1,

2.3⇥ 10�18(2.2⇥ 10�13) < |y| < 3.6⇥ 10�5
,

N68% = 52.6, N95% = 47.5,

Treh, 68% = 5.9⇥ 1010 GeV, Treh, 95% = 1.4⇥ 104 GeV,

y68% = 1.7⇥ 10�4
, y95% = 3.6⇥ 10�11

. (31)
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above, where these radiative corrections cancel down to
the level of the relatively small supersymmetry-breaking
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and NBBN. In the ↵ = 1 case, the procedure of calcu-
lating the analytical approximations for N⇤ is given in
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the analysis of [3]: those for ↵-Starobinsky models are
shown in the upper pair of panels and those for T mod-
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MeV (100 GeV) and the supersymmetric relic density
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channel generic k = 2 k = 4 k = 6 m
2
e� ∫ m

2
„

„ æ f̄f T Ã a
≠ 3k≠3

2k+4 T Ã a
≠3/8

T Ã a
≠3/4

T Ã a
≠15/16

T Ã a
≠ 9(k≠2)

4(k+2)

„ æ bb T Ã a
≠ 3

2k+4 T Ã a
≠3/8

T Ã a
≠1/4

T Ã a
≠3/16

T Ã a
≠ 3(5≠k)

4(k+2)

„„ æ bb T Ã a
≠ 9

2k+4 T Ã a
≠1

T Ã a
≠3/4

T Ã a
≠9/16

T Ã a
≠3/4

Table 1. Dependence of the temperature T as function of the scale factor a for the di�erent cases
we analyze in this work. The ‘generic’ result assumes the validity of eq. (4.8). In the last column
non-perturbative particle production has not been taken into account, even if R ∫ 1.

our work. In the last column of the table, we show the form of the temperature evolution
when R ∫ 1.

At the end of inflation, before inflatons decay, flR = 0 and hence T = 0. The Universe
begins to reheat and a maximum temperature is attained before the temperature begins to
fall o� as given in table 1. The maximum temperature can be computed from eq. (4.7). From
dflR

da = 0, we obtain

amax = aend

3 4k + 8
3k + 6kl

4 k+2

k+8≠6kl

, (4.11)

which gives

fl
max
R = 2

3 + 6l

“„

Hend

fl
l+1
end

M
4l
P

3 4k + 8
3k + 6kl

4≠ 4k+8

k+8≠6kl

, (4.12)

and

Tmax =
A

30
gflfi2 fl

max
R

B 1

4

. (4.13)

We show in figures 3 and 4 the evolution of the temperature obtained by numerically
solving eqs. (2.12)–(2.15), as function of the scale factor a/aend for two choices of k = 2 and
4. To see the e�ect of the kinematic suppression, we compare the results where me� is given
by eq. (3.6) to one where we set me� = 0. We begin by considering the case with k = 2. The
value „end is determined by the condition that exponential expansion ceases, or ä = 0. The
scale of the potential, ⁄ can be obtained by the normalization of the CMB and the number
of e-folds since horizon crossing. This procedure is worked out for the T-attractor models
in appendix B. For k = 2 we find ⁄ = 2.5 ◊ 10≠11 and fl

1/4
end = 5.2 ◊ 1015 GeV. Since we

expect the evolution of the temperature to be similar for the cases of decays to bosons and
fermions (see table 1), we include only decays to fermions and annihilations to boson pairs.
In figure 3, we take y = ‡ = 10≠7 (left) and y = 10≠7 and ‡ = 10≠9 (right). For inflaton
decays to fermions, we can estimate the maximum temperature attained from eqs. (4.12)
and (4.13),

fl
max
R =

Ô
6

32fi

33
8

43/5
y

2
M

2
P (⁄flend)

1

2 ∆ Tmax ≥ 2 ◊ 1011
3

y

10≠7

41/2
GeV, (4.14)

in good agreement with the numerical result shown in the figure. Similarly, for annihilations
to boson pairs, we expect

fl
max
R =


3/2

72fiM
2
P

38
9

48
‡

2
⁄

≠ 3

2 (flend)
3

2 ∆ Tmax ≥ 6 ◊ 1012
3

‡

10≠9

41/2
GeV, (4.15)
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When we include the e�ects of inflaton decay, the equation of motion for „ can be
written as

„̈ + (3H + �„)„̇ + V
Õ(„) = 0 . (2.8)

Provided that we assume that the decay of the inflaton is relatively slow, i.e. the oscillation
time-scale is much shorter than the decay and redshift time-scales, multiplication of (2.5) by
„ and averaging over one oscillation leads to

È„̇
2
Í ƒ È„V

Õ(„)Í . (2.9)

For a potential of the form (2.4), this implies that

fl„ ƒ
1
2È„̇

2
Í + ÈV („)Í ƒ

k + 2
2 ÈV („)Í = V („0) , (2.10)

P„ ƒ
1
2È„̇

2
Í ≠ ÈV („)Í ƒ

k ≠ 2
2 ÈV („)Í = k ≠ 2

k + 2V („0) , (2.11)

where we used ÈP
k
Í = 2

k+2 so that ÈV („)Í = 2
k+2V („0). The equation of motion (2.5) can

then be recast as
fl̇„ + 3H(1 + w„)fl„ ƒ ≠�„(1 + w„)fl„ , (2.12)

where the equation-of-state parameter w„ = P„

fl„

is given by

w„ = k ≠ 2
k + 2 . (2.13)

The analogous equation for the evolution of the radiation density produced by inflaton decay
or scattering (which we assume is in thermal equilibrium) is

fl̇R + 4HflR ƒ (1 + w„)�„(t)fl„ , (2.14)

which together with the Friedmann equation

fl„ + flR = 3H
2
M

2
P , (2.15)

allows one to solve for fl„(t), flR(t), and a(t) simultaneously and e�ectively for fl„(a) and
flR(a). Comparing (2.8) and (2.12) we note that the dissipation rate from particle production
for the inflaton field and energy densities di�er by the constant factor 1 + w„ = 2k

k+2 [79, 80].
The rate of decay for „ (and thus the number density n„) is di�erent from the rate of decay for
fl„, which depends on the nature of the inflaton field (dust, radiation, cosmological constant,
quintessence. . . ). For a microscopic account of this di�erence we refer the interested reader
to appendix A. To solve the equation for fl„, we must first determine the expression of the
width �„ as a function of „.

3 Inflaton decay and annihilation

Once the inflaton couples to Standard Model fields or dark matter, its oscillations are severely
damped by decays. To stay as general as possible, we consider the following possible contri-
butions to the Lagrangian leading to decay or annihilation:

L ∏

Y
__]

__[

y„f̄f „ æ f̄f

µ„bb „ æ bb

‡„
2
b

2
„„ æ bb,

(3.1)
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When evaluated with the parameters used in figure 4, for k = 4, we have TRH = 2◊1010 GeV.
Eqs. (4.29) and (4.30) are two solutions for TRH corresponding to cases considered in the
examples in figures 3 and 4. There are of course several other possible expressions for TRH
depending on the kinematic factor R. When R > 1, we must modify the integrand used
to determine eq. (4.7) as well as the limits of integration if R evolves in such a way that it
crosses R = 1 between aend and aRH.

5 Dark matter production

As noted earlier, it is possible to produce certain very weakly interacting dark matter can-
didates during the reheating process. The relic abundance of these dark matter candidates
may depend primarily on Tmax, TRH, or both depending on the production cross section. We
parametrize the thermally-averaged e�ective cross section for dark matter (DM) production
in the following way,

È‡vÍ = T
n

�̃n+2 , (5.1)

where the mass scale �̃ is assumed to be parametrically related to the mass of a heavy
mediator in the UV theory. For n > ≠1, DM production after reheating is subdominant [15,
25, 53, 88]. For example, in the case of a weak scale gravitino, n = 0, and �̃ Ã MP . In
contrast, in high scale supersymmetry, n = 6, and �̃2

Ã m3/2MP . It is worth emphasizing
that this e�ective description is valid as long as �̃ is above Tmax. The amount of DM produced
during reheating is obtained from the solution of the following Boltzmann equation,

ṅ‰ + 3Hn‰ = g
2
‰È‡vÍn

2
r © R(T ) , (5.2)

where g‰ denotes the number of internal degrees of freedom of the DM particle ‰, and nR

corresponds to the number density of the radiation, which in equilibrium can be written as

nR = ’(3)
fi2 T

3
. (5.3)

The production rate per unit volume can be written as

R(T ) = T
n+6

�n+2 , (5.4)

where we have absorbed the numerical factors in �n+2 = �̃n+2
fi

4
/g

2
‰’(3)2.

Assuming instantaneous thermalization, it is convenient to define the DM yield as
Y‰ © n‰/T

(4k+8)

(k+2kl) , where the power of T is inferred from eq. (4.9) with Y‰ ≥ n‰a
3. The

Boltzmann equation (5.2) can be rewritten as

dY‰

dT
= ≠

R(T )
H(T )

3 4k + 8
3k + 6kl

4
T

≠ 5k+8+2kl

k+2kl , (5.5)

(if 8 + k ≠ 6kl > 0). Furthermore, we can write H(T ) (which we assume is dominated by
fl„) in terms of TRH by noting that at TRH, fl„ = flR and that flR(TRH) = –T

4
RH, where

– = gflfi
2
/30. Using the scaling of fl„ with a from eq. (4.5), and the scaling of a with T from

eq. (4.9), we can write

H =
Ú

–

3
T

2
RH

MP

3
T

TRH

4 4

1+2l

(5.6)
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As noted earlier, it is possible to produce certain very weakly interacting dark matter can-
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may depend primarily on Tmax, TRH, or both depending on the production cross section. We
parametrize the thermally-averaged e�ective cross section for dark matter (DM) production
in the following way,
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where the mass scale �̃ is assumed to be parametrically related to the mass of a heavy
mediator in the UV theory. For n > ≠1, DM production after reheating is subdominant [15,
25, 53, 88]. For example, in the case of a weak scale gravitino, n = 0, and �̃ Ã MP . In
contrast, in high scale supersymmetry, n = 6, and �̃2
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(k+2kl) , where the power of T is inferred from eq. (4.9) with Y‰ ≥ n‰a
3. The
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(if 8 + k ≠ 6kl > 0). Furthermore, we can write H(T ) (which we assume is dominated by
fl„) in terms of TRH by noting that at TRH, fl„ = flR and that flR(TRH) = –T

4
RH, where
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2
/30. Using the scaling of fl„ with a from eq. (4.5), and the scaling of a with T from
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dY�

da
=

a
2
R

i
�(a)

H

dY
dT

¼ −
ffiffiffiffiffi
10

p

π
ffiffiffiffiffi
g"

p
"
2kþ 4

k − 1

#
MPT

2
k−1
rehT

5kþ3
1−k RðTÞ: ð29Þ

We parametrize the production rate from out-of-
equilibrium scatterings in the following way8:

RsðTÞ ¼ Tnþ6

Λnþ2
: ð30Þ

Here the superscript s denotes production via scatterings in
the plasma, and the mass scale Λ is identified with the
beyond the Standard Model scale of the microscopic model
under consideration. Note that this effective description is
valid for the duration of reheating provided that Λ≳ Tmax.
The suppression by the UV scale ensures that DM
annihilation can be neglected. Integration of (29) after
substitution of (30) leads to the following results:

(i) For n < 10−2k
k−1 ,

nsðTrehÞ ¼

ffiffiffiffiffi
10

g"

s
MP

π
2kþ 4

n − nkþ 10 − 2k
Tnþ4
reh

Λnþ2
: ð31Þ

(ii) For n ¼ 10−2k
k−1 ,

nsðTrehÞ¼

ffiffiffiffiffi
10

g"

s
MP

π

"
2kþ4

k−1

#
Tnþ4
reh

Λnþ2
ln
"
Tmax

Treh

#
: ð32Þ

(iii) For n > 10−2k
k−1 ,

nsðTrehÞ ¼

ffiffiffiffiffi
10

g"

s
MP

π
2kþ 4

kn − n − 10þ 2k

×
"
Treh

Tmax

#2kþ6
k−1 Tnþ4

max

Λnþ2
: ð33Þ

Note that these results are a generalization of [45,50]
applicable to the monomial potential given in Eq. (4) after
inflation. For the typical potential with k ¼ 2, i.e., oscil-
lations of a massive inflaton, the density of dark matter is
mainly sensitive to the reheating temperature if n < 6,
whereas it is mainly sensitive to the maximum temperature
prior to the end of reheating if n > 6. We see that for k ¼ 4,
dark matter production is sensitive to Tmax for n ≥ 1. This
means that we expect significant production of dark matter
in many models. For example, in models where the dark
and visible sectors are connected by massive mediators as
in SO(10) [38,39,66–69] or moduli-portal models [47], the
production and final density of dark matter will be sensitive
to the postinflationary scalar potential.
The DM number density produced by scatterings in the

plasma given in Eqs. (31)–(33) can be converted to the DM
contribution to the critical density using

Ωs
DMh

2 ¼ mDMnsðT0Þ
ρch−2

¼
π2g"sðT0ÞmDMnγðT0ÞnsðTrehÞ

2ζð3Þg"sðTrehÞT3
rehρch

−2

¼ 5.9 × 106 GeV−1 mDMnsðTrehÞ
T3
reh

; ð34Þ

where g"sðT0Þ ¼ 43=11 is the present number of effective
relativistic degrees of freedom for the entropy density,
nγðT0Þ ≃ 410.66 cm−3 is the number density of CMB
photons, and ρch−2 ≃ 1.0534 × 10−5 GeVcm−3 is the criti-
cal density of the Universe [70]. We take g"sðTrehÞ ¼
g"ðTrehÞ ¼ greh, and consider for definiteness the high-
temperature Standard Model value greh ¼ 427=4.

B. Production from scattering when mDM > Treh

In the above derivation of Ωs
DM, we have implicitly

assumed that mDM < Treh, so that the limits of integration
of the Boltzmann equation (29) ranged from Tmax to Treh.
For mDM > Treh, we must cut off the integral at mDM.
However, at T ¼ mDM, ρR < ρΦ, and the density of DM
matter will be further diluted by the subsequent decays of
the inflaton. Therefore, we compute nsðmDM) and scale it to
Treh using Eq. (17). For n ≤ ð10 − 2kÞ=ðk − 1Þ, we find the
following:

(i) For n < 10−2k
k−1 ,

nsðTrehÞ ¼

ffiffiffiffiffi
10

g"

s
MP

π
2kþ 4

n − nkþ 10 − 2k

×
"
Treh

mDM

#2kþ6
k−1 mnþ4

DM

Λnþ2
: ð35Þ

(ii) For n ¼ 10−2k
k−1 ,

nsðTrehÞ ¼

ffiffiffiffiffi
10

g"

s
MP

π

"
2kþ 4

k − 1

#

×
"
Treh

mDM

#
nþ4 mnþ4

DM

Λnþ2
ln
"
Tmax

mDM

#
: ð36Þ

Note that for n > ð10 − 2kÞ=ðk − 1Þ, the result in Eq. (33)
is unchanged.9

C. Production from inflaton decay

DM can also be produced during reheating by the direct
decay of the inflaton. When the decay rate for both the
dominant decay products of Φ and the DM particle is

8Note that this parametrization corresponds to a thermally
averaged effective cross section hσvi ∝ Tn=Λnþ2.

9When Treh < mDM, the condition Treh < Tf may also be
satisfied, where Tf denotes the freeze-out temperature for a
thermal (WIMP-like) dark matter candidate. In this case, the
abundance of dark matter from freeze-out is reduced [71].
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the inflaton. Therefore, we compute nsðmDM) and scale it to
Treh using Eq. (17). For n ≤ ð10 − 2kÞ=ðk − 1Þ, we find the
following:

(i) For n < 10−2k
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Note that for n > ð10 − 2kÞ=ðk − 1Þ, the result in Eq. (33)
is unchanged.9

C. Production from inflaton decay

DM can also be produced during reheating by the direct
decay of the inflaton. When the decay rate for both the
dominant decay products of Φ and the DM particle is

8Note that this parametrization corresponds to a thermally
averaged effective cross section hσvi ∝ Tn=Λnþ2.

9When Treh < mDM, the condition Treh < Tf may also be
satisfied, where Tf denotes the freeze-out temperature for a
thermal (WIMP-like) dark matter candidate. In this case, the
abundance of dark matter from freeze-out is reduced [71].
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We parametrize the production rate from out-of-
equilibrium scatterings in the following way8:

RsðTÞ ¼ Tnþ6

Λnþ2
: ð30Þ

Here the superscript s denotes production via scatterings in
the plasma, and the mass scale Λ is identified with the
beyond the Standard Model scale of the microscopic model
under consideration. Note that this effective description is
valid for the duration of reheating provided that Λ≳ Tmax.
The suppression by the UV scale ensures that DM
annihilation can be neglected. Integration of (29) after
substitution of (30) leads to the following results:
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k−1 ,

nsðTrehÞ ¼

ffiffiffiffiffi
10

g"

s
MP

π
2kþ 4

n − nkþ 10 − 2k
Tnþ4
reh

Λnþ2
: ð31Þ

(ii) For n ¼ 10−2k
k−1 ,

nsðTrehÞ¼

ffiffiffiffiffi
10

g"

s
MP

π

"
2kþ4

k−1

#
Tnþ4
reh

Λnþ2
ln
"
Tmax

Treh

#
: ð32Þ

(iii) For n > 10−2k
k−1 ,

nsðTrehÞ ¼

ffiffiffiffiffi
10

g"

s
MP

π
2kþ 4

kn − n − 10þ 2k

×
"
Treh

Tmax

#2kþ6
k−1 Tnþ4

max

Λnþ2
: ð33Þ

Note that these results are a generalization of [45,50]
applicable to the monomial potential given in Eq. (4) after
inflation. For the typical potential with k ¼ 2, i.e., oscil-
lations of a massive inflaton, the density of dark matter is
mainly sensitive to the reheating temperature if n < 6,
whereas it is mainly sensitive to the maximum temperature
prior to the end of reheating if n > 6. We see that for k ¼ 4,
dark matter production is sensitive to Tmax for n ≥ 1. This
means that we expect significant production of dark matter
in many models. For example, in models where the dark
and visible sectors are connected by massive mediators as
in SO(10) [38,39,66–69] or moduli-portal models [47], the
production and final density of dark matter will be sensitive
to the postinflationary scalar potential.
The DM number density produced by scatterings in the

plasma given in Eqs. (31)–(33) can be converted to the DM
contribution to the critical density using

Ωs
DMh

2 ¼ mDMnsðT0Þ
ρch−2

¼
π2g"sðT0ÞmDMnγðT0ÞnsðTrehÞ
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¼ 5.9 × 106 GeV−1 mDMnsðTrehÞ
T3
reh

; ð34Þ

where g"sðT0Þ ¼ 43=11 is the present number of effective
relativistic degrees of freedom for the entropy density,
nγðT0Þ ≃ 410.66 cm−3 is the number density of CMB
photons, and ρch−2 ≃ 1.0534 × 10−5 GeVcm−3 is the criti-
cal density of the Universe [70]. We take g"sðTrehÞ ¼
g"ðTrehÞ ¼ greh, and consider for definiteness the high-
temperature Standard Model value greh ¼ 427=4.

B. Production from scattering when mDM > Treh

In the above derivation of Ωs
DM, we have implicitly

assumed that mDM < Treh, so that the limits of integration
of the Boltzmann equation (29) ranged from Tmax to Treh.
For mDM > Treh, we must cut off the integral at mDM.
However, at T ¼ mDM, ρR < ρΦ, and the density of DM
matter will be further diluted by the subsequent decays of
the inflaton. Therefore, we compute nsðmDM) and scale it to
Treh using Eq. (17). For n ≤ ð10 − 2kÞ=ðk − 1Þ, we find the
following:

(i) For n < 10−2k
k−1 ,
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Note that for n > ð10 − 2kÞ=ðk − 1Þ, the result in Eq. (33)
is unchanged.9

C. Production from inflaton decay

DM can also be produced during reheating by the direct
decay of the inflaton. When the decay rate for both the
dominant decay products of Φ and the DM particle is

8Note that this parametrization corresponds to a thermally
averaged effective cross section hσvi ∝ Tn=Λnþ2.

9When Treh < mDM, the condition Treh < Tf may also be
satisfied, where Tf denotes the freeze-out temperature for a
thermal (WIMP-like) dark matter candidate. In this case, the
abundance of dark matter from freeze-out is reduced [71].
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FIG. 3: Contours ΩDMh2 = 0.1 showing the required value of Λ as a function of the DM mass. We assume an
inflaton decay coupling y = 10−5 and a production rate with n = 0 (a), n = 2 (b) and n = 6 (c). For (d) we assume

y = 10−7 and n = 2. In all cases we have set BR = 0.

where the first term corresponds to the production from
decays, while the second, Λ-dependent term corresponds
to freeze-in production through scattering. For the for-
mer term, it is worth noting that for k = 4, Eq. (21)
implies that Treh ∝ y2, and therefore the decay con-
tribution does not depend on the reheating tempera-
ture. It depends only on the square of the ratio of
the inflaton-DM and inflaton-SM couplings, encoded in
BR, and the DM mass. In the case of scatterings,
we see clearly here the enhancement in (Tmax/Treh) for
n > (10− 2k)/(k − 1).

In Fig. 3, we display the value of Λ (in Eq. (30))
as a function of the DM mass, mDM, needed to ob-
tain Ωs

DMh2 = 0.1 in Eq. (34) for k = 2, 3, 4. In
Fig. 3(a), we have chosen n = 0 which is characteris-
tic of a production rate for gravitinos in supersymmetric
models when Λ ∼ MP . In this figure, we have chosen
y = 10−5. According to Fig. 1, this corresponds to a
value of Tmax ∼ 1012 GeV and Treh ∼ 1010 GeV. For

k = 2, one gets the expected result that the density of
gravitinos accounts for the DM when m3/2 ∼ 100 GeV,
for Λ ∼ MP .

As discussed in the earlier sections, fixing the infla-
ton decay coupling, y, fixes the maximum and final re-
heating temperature depending on the value of k. The
relic density depends on Treh through ns(Treh) as given
in Eqs. (31-33). But ns also depends on Λ−(n+2). In
Fig. 3(a), for n = 0, the density is given by Eq. (31)
and we see from Eq. (42) that Ωs

DM scales as mDM/Λ2

which accounts for the slope in the figure. We also see
that the required value of Λ decreases with increasing
k to compensate for the lower reheat temperature when
k > 2. Suitable DM masses range from 0.1 to Tmax for
Λ = 1014GeV to MP .

In Fig. 3(a) we also see changes in the slopes of the
lines for all three values of k. These occur when mDM =
Treh as discussed earlier. For k = 2 and 3, the change in
slope occurs at high Λ(> MP ) and is off the scale of the
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We parametrize the production rate from out-of-
equilibrium scatterings in the following way8:

RsðTÞ ¼ Tnþ6

Λnþ2
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Here the superscript s denotes production via scatterings in
the plasma, and the mass scale Λ is identified with the
beyond the Standard Model scale of the microscopic model
under consideration. Note that this effective description is
valid for the duration of reheating provided that Λ≳ Tmax.
The suppression by the UV scale ensures that DM
annihilation can be neglected. Integration of (29) after
substitution of (30) leads to the following results:
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Note that these results are a generalization of [45,50]
applicable to the monomial potential given in Eq. (4) after
inflation. For the typical potential with k ¼ 2, i.e., oscil-
lations of a massive inflaton, the density of dark matter is
mainly sensitive to the reheating temperature if n < 6,
whereas it is mainly sensitive to the maximum temperature
prior to the end of reheating if n > 6. We see that for k ¼ 4,
dark matter production is sensitive to Tmax for n ≥ 1. This
means that we expect significant production of dark matter
in many models. For example, in models where the dark
and visible sectors are connected by massive mediators as
in SO(10) [38,39,66–69] or moduli-portal models [47], the
production and final density of dark matter will be sensitive
to the postinflationary scalar potential.
The DM number density produced by scatterings in the

plasma given in Eqs. (31)–(33) can be converted to the DM
contribution to the critical density using

Ωs
DMh

2 ¼ mDMnsðT0Þ
ρch−2

¼
π2g"sðT0ÞmDMnγðT0ÞnsðTrehÞ

2ζð3Þg"sðTrehÞT3
rehρch

−2

¼ 5.9 × 106 GeV−1 mDMnsðTrehÞ
T3
reh

; ð34Þ

where g"sðT0Þ ¼ 43=11 is the present number of effective
relativistic degrees of freedom for the entropy density,
nγðT0Þ ≃ 410.66 cm−3 is the number density of CMB
photons, and ρch−2 ≃ 1.0534 × 10−5 GeVcm−3 is the criti-
cal density of the Universe [70]. We take g"sðTrehÞ ¼
g"ðTrehÞ ¼ greh, and consider for definiteness the high-
temperature Standard Model value greh ¼ 427=4.

B. Production from scattering when mDM > Treh

In the above derivation of Ωs
DM, we have implicitly

assumed that mDM < Treh, so that the limits of integration
of the Boltzmann equation (29) ranged from Tmax to Treh.
For mDM > Treh, we must cut off the integral at mDM.
However, at T ¼ mDM, ρR < ρΦ, and the density of DM
matter will be further diluted by the subsequent decays of
the inflaton. Therefore, we compute nsðmDM) and scale it to
Treh using Eq. (17). For n ≤ ð10 − 2kÞ=ðk − 1Þ, we find the
following:

(i) For n < 10−2k
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Note that for n > ð10 − 2kÞ=ðk − 1Þ, the result in Eq. (33)
is unchanged.9

C. Production from inflaton decay

DM can also be produced during reheating by the direct
decay of the inflaton. When the decay rate for both the
dominant decay products of Φ and the DM particle is

8Note that this parametrization corresponds to a thermally
averaged effective cross section hσvi ∝ Tn=Λnþ2.

9When Treh < mDM, the condition Treh < Tf may also be
satisfied, where Tf denotes the freeze-out temperature for a
thermal (WIMP-like) dark matter candidate. In this case, the
abundance of dark matter from freeze-out is reduced [71].
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FIG. 3: Contours ΩDMh2 = 0.1 showing the required value of Λ as a function of the DM mass. We assume an
inflaton decay coupling y = 10−5 and a production rate with n = 0 (a), n = 2 (b) and n = 6 (c). For (d) we assume

y = 10−7 and n = 2. In all cases we have set BR = 0.

where the first term corresponds to the production from
decays, while the second, Λ-dependent term corresponds
to freeze-in production through scattering. For the for-
mer term, it is worth noting that for k = 4, Eq. (21)
implies that Treh ∝ y2, and therefore the decay con-
tribution does not depend on the reheating tempera-
ture. It depends only on the square of the ratio of
the inflaton-DM and inflaton-SM couplings, encoded in
BR, and the DM mass. In the case of scatterings,
we see clearly here the enhancement in (Tmax/Treh) for
n > (10− 2k)/(k − 1).

In Fig. 3, we display the value of Λ (in Eq. (30))
as a function of the DM mass, mDM, needed to ob-
tain Ωs

DMh2 = 0.1 in Eq. (34) for k = 2, 3, 4. In
Fig. 3(a), we have chosen n = 0 which is characteris-
tic of a production rate for gravitinos in supersymmetric
models when Λ ∼ MP . In this figure, we have chosen
y = 10−5. According to Fig. 1, this corresponds to a
value of Tmax ∼ 1012 GeV and Treh ∼ 1010 GeV. For

k = 2, one gets the expected result that the density of
gravitinos accounts for the DM when m3/2 ∼ 100 GeV,
for Λ ∼ MP .

As discussed in the earlier sections, fixing the infla-
ton decay coupling, y, fixes the maximum and final re-
heating temperature depending on the value of k. The
relic density depends on Treh through ns(Treh) as given
in Eqs. (31-33). But ns also depends on Λ−(n+2). In
Fig. 3(a), for n = 0, the density is given by Eq. (31)
and we see from Eq. (42) that Ωs

DM scales as mDM/Λ2

which accounts for the slope in the figure. We also see
that the required value of Λ decreases with increasing
k to compensate for the lower reheat temperature when
k > 2. Suitable DM masses range from 0.1 to Tmax for
Λ = 1014GeV to MP .

In Fig. 3(a) we also see changes in the slopes of the
lines for all three values of k. These occur when mDM =
Treh as discussed earlier. For k = 2 and 3, the change in
slope occurs at high Λ(> MP ) and is off the scale of the
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FIG. 3: Contours ΩDMh2 = 0.1 showing the required value of Λ as a function of the DM mass. We assume an
inflaton decay coupling y = 10−5 and a production rate with n = 0 (a), n = 2 (b) and n = 6 (c). For (d) we assume

y = 10−7 and n = 2. In all cases we have set BR = 0.

where the first term corresponds to the production from
decays, while the second, Λ-dependent term corresponds
to freeze-in production through scattering. For the for-
mer term, it is worth noting that for k = 4, Eq. (21)
implies that Treh ∝ y2, and therefore the decay con-
tribution does not depend on the reheating tempera-
ture. It depends only on the square of the ratio of
the inflaton-DM and inflaton-SM couplings, encoded in
BR, and the DM mass. In the case of scatterings,
we see clearly here the enhancement in (Tmax/Treh) for
n > (10− 2k)/(k − 1).

In Fig. 3, we display the value of Λ (in Eq. (30))
as a function of the DM mass, mDM, needed to ob-
tain Ωs

DMh2 = 0.1 in Eq. (34) for k = 2, 3, 4. In
Fig. 3(a), we have chosen n = 0 which is characteris-
tic of a production rate for gravitinos in supersymmetric
models when Λ ∼ MP . In this figure, we have chosen
y = 10−5. According to Fig. 1, this corresponds to a
value of Tmax ∼ 1012 GeV and Treh ∼ 1010 GeV. For

k = 2, one gets the expected result that the density of
gravitinos accounts for the DM when m3/2 ∼ 100 GeV,
for Λ ∼ MP .

As discussed in the earlier sections, fixing the infla-
ton decay coupling, y, fixes the maximum and final re-
heating temperature depending on the value of k. The
relic density depends on Treh through ns(Treh) as given
in Eqs. (31-33). But ns also depends on Λ−(n+2). In
Fig. 3(a), for n = 0, the density is given by Eq. (31)
and we see from Eq. (42) that Ωs

DM scales as mDM/Λ2

which accounts for the slope in the figure. We also see
that the required value of Λ decreases with increasing
k to compensate for the lower reheat temperature when
k > 2. Suitable DM masses range from 0.1 to Tmax for
Λ = 1014GeV to MP .

In Fig. 3(a) we also see changes in the slopes of the
lines for all three values of k. These occur when mDM =
Treh as discussed earlier. For k = 2 and 3, the change in
slope occurs at high Λ(> MP ) and is off the scale of the
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We parametrize the production rate from out-of-
equilibrium scatterings in the following way8:

RsðTÞ ¼ Tnþ6

Λnþ2
: ð30Þ

Here the superscript s denotes production via scatterings in
the plasma, and the mass scale Λ is identified with the
beyond the Standard Model scale of the microscopic model
under consideration. Note that this effective description is
valid for the duration of reheating provided that Λ≳ Tmax.
The suppression by the UV scale ensures that DM
annihilation can be neglected. Integration of (29) after
substitution of (30) leads to the following results:
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Note that these results are a generalization of [45,50]
applicable to the monomial potential given in Eq. (4) after
inflation. For the typical potential with k ¼ 2, i.e., oscil-
lations of a massive inflaton, the density of dark matter is
mainly sensitive to the reheating temperature if n < 6,
whereas it is mainly sensitive to the maximum temperature
prior to the end of reheating if n > 6. We see that for k ¼ 4,
dark matter production is sensitive to Tmax for n ≥ 1. This
means that we expect significant production of dark matter
in many models. For example, in models where the dark
and visible sectors are connected by massive mediators as
in SO(10) [38,39,66–69] or moduli-portal models [47], the
production and final density of dark matter will be sensitive
to the postinflationary scalar potential.
The DM number density produced by scatterings in the

plasma given in Eqs. (31)–(33) can be converted to the DM
contribution to the critical density using
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where g"sðT0Þ ¼ 43=11 is the present number of effective
relativistic degrees of freedom for the entropy density,
nγðT0Þ ≃ 410.66 cm−3 is the number density of CMB
photons, and ρch−2 ≃ 1.0534 × 10−5 GeVcm−3 is the criti-
cal density of the Universe [70]. We take g"sðTrehÞ ¼
g"ðTrehÞ ¼ greh, and consider for definiteness the high-
temperature Standard Model value greh ¼ 427=4.

B. Production from scattering when mDM > Treh

In the above derivation of Ωs
DM, we have implicitly

assumed that mDM < Treh, so that the limits of integration
of the Boltzmann equation (29) ranged from Tmax to Treh.
For mDM > Treh, we must cut off the integral at mDM.
However, at T ¼ mDM, ρR < ρΦ, and the density of DM
matter will be further diluted by the subsequent decays of
the inflaton. Therefore, we compute nsðmDM) and scale it to
Treh using Eq. (17). For n ≤ ð10 − 2kÞ=ðk − 1Þ, we find the
following:
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Note that for n > ð10 − 2kÞ=ðk − 1Þ, the result in Eq. (33)
is unchanged.9

C. Production from inflaton decay

DM can also be produced during reheating by the direct
decay of the inflaton. When the decay rate for both the
dominant decay products of Φ and the DM particle is

8Note that this parametrization corresponds to a thermally
averaged effective cross section hσvi ∝ Tn=Λnþ2.

9When Treh < mDM, the condition Treh < Tf may also be
satisfied, where Tf denotes the freeze-out temperature for a
thermal (WIMP-like) dark matter candidate. In this case, the
abundance of dark matter from freeze-out is reduced [71].
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FIG. 3: Contours ΩDMh2 = 0.1 showing the required value of Λ as a function of the DM mass. We assume an
inflaton decay coupling y = 10−5 and a production rate with n = 0 (a), n = 2 (b) and n = 6 (c). For (d) we assume

y = 10−7 and n = 2. In all cases we have set BR = 0.

where the first term corresponds to the production from
decays, while the second, Λ-dependent term corresponds
to freeze-in production through scattering. For the for-
mer term, it is worth noting that for k = 4, Eq. (21)
implies that Treh ∝ y2, and therefore the decay con-
tribution does not depend on the reheating tempera-
ture. It depends only on the square of the ratio of
the inflaton-DM and inflaton-SM couplings, encoded in
BR, and the DM mass. In the case of scatterings,
we see clearly here the enhancement in (Tmax/Treh) for
n > (10− 2k)/(k − 1).

In Fig. 3, we display the value of Λ (in Eq. (30))
as a function of the DM mass, mDM, needed to ob-
tain Ωs

DMh2 = 0.1 in Eq. (34) for k = 2, 3, 4. In
Fig. 3(a), we have chosen n = 0 which is characteris-
tic of a production rate for gravitinos in supersymmetric
models when Λ ∼ MP . In this figure, we have chosen
y = 10−5. According to Fig. 1, this corresponds to a
value of Tmax ∼ 1012 GeV and Treh ∼ 1010 GeV. For

k = 2, one gets the expected result that the density of
gravitinos accounts for the DM when m3/2 ∼ 100 GeV,
for Λ ∼ MP .

As discussed in the earlier sections, fixing the infla-
ton decay coupling, y, fixes the maximum and final re-
heating temperature depending on the value of k. The
relic density depends on Treh through ns(Treh) as given
in Eqs. (31-33). But ns also depends on Λ−(n+2). In
Fig. 3(a), for n = 0, the density is given by Eq. (31)
and we see from Eq. (42) that Ωs

DM scales as mDM/Λ2

which accounts for the slope in the figure. We also see
that the required value of Λ decreases with increasing
k to compensate for the lower reheat temperature when
k > 2. Suitable DM masses range from 0.1 to Tmax for
Λ = 1014GeV to MP .

In Fig. 3(a) we also see changes in the slopes of the
lines for all three values of k. These occur when mDM =
Treh as discussed earlier. For k = 2 and 3, the change in
slope occurs at high Λ(> MP ) and is off the scale of the
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FIG. 3: Contours ΩDMh2 = 0.1 showing the required value of Λ as a function of the DM mass. We assume an
inflaton decay coupling y = 10−5 and a production rate with n = 0 (a), n = 2 (b) and n = 6 (c). For (d) we assume

y = 10−7 and n = 2. In all cases we have set BR = 0.

where the first term corresponds to the production from
decays, while the second, Λ-dependent term corresponds
to freeze-in production through scattering. For the for-
mer term, it is worth noting that for k = 4, Eq. (21)
implies that Treh ∝ y2, and therefore the decay con-
tribution does not depend on the reheating tempera-
ture. It depends only on the square of the ratio of
the inflaton-DM and inflaton-SM couplings, encoded in
BR, and the DM mass. In the case of scatterings,
we see clearly here the enhancement in (Tmax/Treh) for
n > (10− 2k)/(k − 1).

In Fig. 3, we display the value of Λ (in Eq. (30))
as a function of the DM mass, mDM, needed to ob-
tain Ωs

DMh2 = 0.1 in Eq. (34) for k = 2, 3, 4. In
Fig. 3(a), we have chosen n = 0 which is characteris-
tic of a production rate for gravitinos in supersymmetric
models when Λ ∼ MP . In this figure, we have chosen
y = 10−5. According to Fig. 1, this corresponds to a
value of Tmax ∼ 1012 GeV and Treh ∼ 1010 GeV. For

k = 2, one gets the expected result that the density of
gravitinos accounts for the DM when m3/2 ∼ 100 GeV,
for Λ ∼ MP .

As discussed in the earlier sections, fixing the infla-
ton decay coupling, y, fixes the maximum and final re-
heating temperature depending on the value of k. The
relic density depends on Treh through ns(Treh) as given
in Eqs. (31-33). But ns also depends on Λ−(n+2). In
Fig. 3(a), for n = 0, the density is given by Eq. (31)
and we see from Eq. (42) that Ωs

DM scales as mDM/Λ2

which accounts for the slope in the figure. We also see
that the required value of Λ decreases with increasing
k to compensate for the lower reheat temperature when
k > 2. Suitable DM masses range from 0.1 to Tmax for
Λ = 1014GeV to MP .

In Fig. 3(a) we also see changes in the slopes of the
lines for all three values of k. These occur when mDM =
Treh as discussed earlier. For k = 2 and 3, the change in
slope occurs at high Λ(> MP ) and is off the scale of the

Also possible through direct decays
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scale factor of the Universe. As we show below, the evolu-
tion of the radiation density can be modified by the grav-
itational production of Standard Model quanta which in-
duces a lower bound on the maximum temperature of the
Universe. We show that it is of the order of 1012 GeV,
and is one of the main results of our work.

If the production of dark matter occurs during reheat-
ing, it is intimately linked to the behaviour of the infla-
ton and the evolution of the thermal bath. Often it is as-
sumed that the either the dark matter is directly coupled
to the inflaton, in which case, it can be produced directly
from inflaton decays [35, 36, 41, 42] or it is coupled to
the Standard Model, and thus produced thermal as the
gravitino or other super-weakly interacting particles. In
the latter case, it has also been shown that radiative de-
cay of the inflaton [43] could be the dominant process to
populate the dark Universe.

While reheating requires some coupling of the infla-
ton to the Standard Model (as will see gravitation in-
teractions alone will not lead to radiation domination),
the mechanism for producing dark matter may in fact be
dominated solely by gravity. In this paper, we analyze all
processes involving a gravitational interactions, compar-
ing the modes of production via the thermal bath, the
scattering of the inflaton, and gravitational production
of particles from the thermal bath which subsequently
produce dark matter through gravity as well. In this
sense, each of the physical quantities we consider, such
as the relic density or maximum temperature, must be
considered as lower bounds as the gravitational process
we compute are inevitable in any theory based on Ein-
stein gravity. As a result, these lower bounds must be
taken into account in any kind of extension of the Stan-
dard Model, and can be thought of as a gravitational
“background noise". We do not consider preheating via
parametric or stochastic resonances as we did in [44],
because we want to compute the minimal unavoidable
amount of dark matter, and thus derive the strongest
model-independent constraints on the dark matter mass,
supposing that it only couples gravitationally.

The only non-gravitational coupling we consider, is a
coupling of the inflaton to SM fields to achieve reheat-
ing. Thus, we consider a generic Yukawa-like coupling
of the form, y�f̄f , where f is some Standard Model
fermion. We assume rapid thermalization, and these de-
cays are (partially) responsible for the growing thermal
bath. However the production of dark matter from the
thermal bath is entirely gravitational.

The paper is organized as follows. The framework for
our computation is outlined in Section II. We consider
both scalar and fermionic dark matter coupled to the
Standard Model and the inflaton only through gravity.
We compute the rates for the production of dark mat-
ter either through thermal scattering (mediated by grav-
ity alone) or from the inflaton condensate. We choose
an attractor form for the inflaton potential which when
expanded about its minimum, take the form �

k. Our

results are sensitive to k. Reheating takes place as the
inflaton oscillates about this minimum. In Section III we
consider three distinct gravitational process. The gravi-
tation production of dark matter from the thermal bath;
the gravitational production of dark matter from the con-
densate; and the gravitational production of the thermal
bath from the condensate. We then compare each modes
in Section IV, before concluding in Section V.

II. THE FRAMEWORK

We study universal gravitational interactions that
must exist between the inflationary and dark sectors. If
the space-time metric is expanded around flat space us-
ing gµ⌫ ' ⌘µ⌫ + h̃µ⌫ the gravitational Lagrangian in the
transverse-traceless gauge at second order can be written
as
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M
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where hµ⌫ = (MP /2)h̃µ⌫ is the canonically normalized
perturbation and MP = (8⇡G)�1/2 ' 2.4 ⇥ 1018 GeV is
the reduced Planck mass. Gravitational interactions are
described by the Lagrangian (see e.g., [45])
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Here SM represents Standard Model fields, � is the infla-
ton and X is a dark matter candidate. The form of the
stress-energy tensor T

µ⌫

i
depends on the spin of the field,

i = 0, 1/2, 1,2 and is given by
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where V (S) is the scalar potential for either the scalar
dark matter candidate, the SM Higgs boson, or the infla-
ton, with S = X, H, �, and Fµ⌫ = @µA⌫ � @⌫Aµ is the
field strength for a vector field, Aµ. In Fig. 1, we show
the s-channel exchange of a graviton obtained from the
Lagrangian (2) for the production of dark matter from
either the inflaton condensate or Standard Model fields.
In addition, a similar diagram exists for the production of

2
In this work we consider dark matter candidates which are either

real scalars or a Dirac fermion.
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scale factor of the Universe. As we show below, the evolu-
tion of the radiation density can be modified by the grav-
itational production of Standard Model quanta which in-
duces a lower bound on the maximum temperature of the
Universe. We show that it is of the order of 1012 GeV,
and is one of the main results of our work.

If the production of dark matter occurs during reheat-
ing, it is intimately linked to the behaviour of the infla-
ton and the evolution of the thermal bath. Often it is as-
sumed that the either the dark matter is directly coupled
to the inflaton, in which case, it can be produced directly
from inflaton decays [35, 36, 41, 42] or it is coupled to
the Standard Model, and thus produced thermal as the
gravitino or other super-weakly interacting particles. In
the latter case, it has also been shown that radiative de-
cay of the inflaton [43] could be the dominant process to
populate the dark Universe.

While reheating requires some coupling of the infla-
ton to the Standard Model (as will see gravitation in-
teractions alone will not lead to radiation domination),
the mechanism for producing dark matter may in fact be
dominated solely by gravity. In this paper, we analyze all
processes involving a gravitational interactions, compar-
ing the modes of production via the thermal bath, the
scattering of the inflaton, and gravitational production
of particles from the thermal bath which subsequently
produce dark matter through gravity as well. In this
sense, each of the physical quantities we consider, such
as the relic density or maximum temperature, must be
considered as lower bounds as the gravitational process
we compute are inevitable in any theory based on Ein-
stein gravity. As a result, these lower bounds must be
taken into account in any kind of extension of the Stan-
dard Model, and can be thought of as a gravitational
“background noise". We do not consider preheating via
parametric or stochastic resonances as we did in [44],
because we want to compute the minimal unavoidable
amount of dark matter, and thus derive the strongest
model-independent constraints on the dark matter mass,
supposing that it only couples gravitationally.

The only non-gravitational coupling we consider, is a
coupling of the inflaton to SM fields to achieve reheat-
ing. Thus, we consider a generic Yukawa-like coupling
of the form, y�f̄f , where f is some Standard Model
fermion. We assume rapid thermalization, and these de-
cays are (partially) responsible for the growing thermal
bath. However the production of dark matter from the
thermal bath is entirely gravitational.

The paper is organized as follows. The framework for
our computation is outlined in Section II. We consider
both scalar and fermionic dark matter coupled to the
Standard Model and the inflaton only through gravity.
We compute the rates for the production of dark mat-
ter either through thermal scattering (mediated by grav-
ity alone) or from the inflaton condensate. We choose
an attractor form for the inflaton potential which when
expanded about its minimum, take the form �

k. Our

results are sensitive to k. Reheating takes place as the
inflaton oscillates about this minimum. In Section III we
consider three distinct gravitational process. The gravi-
tation production of dark matter from the thermal bath;
the gravitational production of dark matter from the con-
densate; and the gravitational production of the thermal
bath from the condensate. We then compare each modes
in Section IV, before concluding in Section V.
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We study universal gravitational interactions that
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where V (S) is the scalar potential for either the scalar
dark matter candidate, the SM Higgs boson, or the infla-
ton, with S = X, H, �, and Fµ⌫ = @µA⌫ � @⌫Aµ is the
field strength for a vector field, Aµ. In Fig. 1, we show
the s-channel exchange of a graviton obtained from the
Lagrangian (2) for the production of dark matter from
either the inflaton condensate or Standard Model fields.
In addition, a similar diagram exists for the production of
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Graviational interactions
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scale factor of the Universe. As we show below, the evolu-
tion of the radiation density can be modified by the grav-
itational production of Standard Model quanta which in-
duces a lower bound on the maximum temperature of the
Universe. We show that it is of the order of 1012 GeV,
and is one of the main results of our work.

If the production of dark matter occurs during reheat-
ing, it is intimately linked to the behaviour of the infla-
ton and the evolution of the thermal bath. Often it is as-
sumed that the either the dark matter is directly coupled
to the inflaton, in which case, it can be produced directly
from inflaton decays [35, 36, 41, 42] or it is coupled to
the Standard Model, and thus produced thermal as the
gravitino or other super-weakly interacting particles. In
the latter case, it has also been shown that radiative de-
cay of the inflaton [43] could be the dominant process to
populate the dark Universe.

While reheating requires some coupling of the infla-
ton to the Standard Model (as will see gravitation in-
teractions alone will not lead to radiation domination),
the mechanism for producing dark matter may in fact be
dominated solely by gravity. In this paper, we analyze all
processes involving a gravitational interactions, compar-
ing the modes of production via the thermal bath, the
scattering of the inflaton, and gravitational production
of particles from the thermal bath which subsequently
produce dark matter through gravity as well. In this
sense, each of the physical quantities we consider, such
as the relic density or maximum temperature, must be
considered as lower bounds as the gravitational process
we compute are inevitable in any theory based on Ein-
stein gravity. As a result, these lower bounds must be
taken into account in any kind of extension of the Stan-
dard Model, and can be thought of as a gravitational
“background noise". We do not consider preheating via
parametric or stochastic resonances as we did in [44],
because we want to compute the minimal unavoidable
amount of dark matter, and thus derive the strongest
model-independent constraints on the dark matter mass,
supposing that it only couples gravitationally.

The only non-gravitational coupling we consider, is a
coupling of the inflaton to SM fields to achieve reheat-
ing. Thus, we consider a generic Yukawa-like coupling
of the form, y�f̄f , where f is some Standard Model
fermion. We assume rapid thermalization, and these de-
cays are (partially) responsible for the growing thermal
bath. However the production of dark matter from the
thermal bath is entirely gravitational.

The paper is organized as follows. The framework for
our computation is outlined in Section II. We consider
both scalar and fermionic dark matter coupled to the
Standard Model and the inflaton only through gravity.
We compute the rates for the production of dark mat-
ter either through thermal scattering (mediated by grav-
ity alone) or from the inflaton condensate. We choose
an attractor form for the inflaton potential which when
expanded about its minimum, take the form �

k. Our

results are sensitive to k. Reheating takes place as the
inflaton oscillates about this minimum. In Section III we
consider three distinct gravitational process. The gravi-
tation production of dark matter from the thermal bath;
the gravitational production of dark matter from the con-
densate; and the gravitational production of the thermal
bath from the condensate. We then compare each modes
in Section IV, before concluding in Section V.

II. THE FRAMEWORK

We study universal gravitational interactions that
must exist between the inflationary and dark sectors. If
the space-time metric is expanded around flat space us-
ing gµ⌫ ' ⌘µ⌫ + h̃µ⌫ the gravitational Lagrangian in the
transverse-traceless gauge at second order can be written
as
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(1)
where hµ⌫ = (MP /2)h̃µ⌫ is the canonically normalized
perturbation and MP = (8⇡G)�1/2 ' 2.4 ⇥ 1018 GeV is
the reduced Planck mass. Gravitational interactions are
described by the Lagrangian (see e.g., [45])
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⌘
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Here SM represents Standard Model fields, � is the infla-
ton and X is a dark matter candidate. The form of the
stress-energy tensor T

µ⌫

i
depends on the spin of the field,

i = 0, 1/2, 1,2 and is given by
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�
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where V (S) is the scalar potential for either the scalar
dark matter candidate, the SM Higgs boson, or the infla-
ton, with S = X, H, �, and Fµ⌫ = @µA⌫ � @⌫Aµ is the
field strength for a vector field, Aµ. In Fig. 1, we show
the s-channel exchange of a graviton obtained from the
Lagrangian (2) for the production of dark matter from
either the inflaton condensate or Standard Model fields.
In addition, a similar diagram exists for the production of

2
In this work we consider dark matter candidates which are either

real scalars or a Dirac fermion.
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FIG. 1: Feynman diagram for the production of dark matter

through the gravitational scattering of the Standard Model

particle bath or inflaton condensate.

Standard Model fields (during the reheat process) from
the inflaton condensate in the initial state.

Although the direct coupling to the massless graviton
appears to be feeble due to Planck suppression, the en-
ergy available in the thermal bath during the initial stage
of reheating is large enough to make the gravitational
production rates significant.

The scattering amplitudes related to the produc-
tion rate of the processes �/SMi(p1) + �/SMi(p2) !
SMi

/X
j(p3) + SMi

/X
j(p4) can be parametrized by

Mij / M
j

µ⌫
⇧µ⌫⇢�

M
i

⇢�
, (6)

where (i, j) denotes the spin of the (initial,final) state
involved in the scattering process and i, j = 0, 1/2, 1.
⇧µ⌫⇢� is the graviton propagator for the canonical field
h with momentum k = p1 + p2,

⇧µ⌫⇢�(k) =
⌘
⇢⌫

⌘
�µ + ⌘

⇢µ
⌘
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⇢�
⌘
µ⌫

2k2
. (7)

The partial amplitudes, M
i

µ⌫
, are given by

M
0

µ⌫
=

1

2
[p1µp2⌫ + p1⌫p2µ � ⌘µ⌫p1 · p2 � ⌘µ⌫V

00(S)] , (8)
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, (10)

with analogous expressions for dark matter in terms of
the dark matter momenta, p3, p4, and potential V (X), if
X is a scalar. For an initial state inflaton with S = �, we
replace M

0

µ⌫
with T

0

µ⌫
from Eq. (3). As we only consider

vectors in the Standard Model, their masses have been
neglected in Eq. (10).

In what follows, we consider three distinct processes
based on the diagram in Fig. 1: for the production of dark

matter, A) SM + SM ! X+X; B) �+� ! X+X, where
the latter involves the inflaton condensate (zero mode)
in the initial state rather than an initial state particle
with momentum p1,2 (see below for more detail), and
C) � + � ! SM + SM, as a minimal and unavoidable
contribution to the reheating process.

The dark matter production rate from SM fields can
be readily calculated by assuming that the initial particle
states are massless. This assumption can be justified by
the fact that the energy associated with the momenta,
p1 , p2 is extremely large at the end of inflation and dom-
inates over electroweak scale quantities.

The dark matter production rate R(T ) for the SM+SM
! X + X process with amplitude M3 is

R(T ) =
2

1024⇡6
⇥
Z

f1f2E1 dE1E2 dE2 d cos ✓12

Z
|M|2 d⌦13 ,

(11)
where the factor of two accounts for two dark matter
particles per scattering, Ei denotes the energy of parti-
cle i = 1, 2, 3, 4, ✓13 and ✓12 are the angles formed by
momenta p

1,3
and p1,2, respectively, and

fi =
1

eEi/T ± 1
, (12)

represent the assumed thermal distributions of the in-
coming SM particles.

The total amplitude squared for the gravitational scat-
tering process SM+SM ! Xj + Xj is given by a sum
of the three amplitudes associated with different initial
state spins,

|M|2 = 4|M0|2 + 45|M1/2|2 + 12|M1|2 . (13)

These were calculated in [19] and it was found that the
dark matter production rate is given by

R
T

j
= Rj(T ) = �j

T
8

M
4

P

, (14)

where j refers to the spin of X (either 0 or 1/2), the
constants �j and details related to the computation of
dark matter production rate and the amplitude squared
are given in Appendix A.

For the production of dark matter through the scat-
tering of the inflaton condensate we consider the time-
dependent oscillation of a classical inflaton field �(t).
Since our computation depends explicitly on inflaton po-
tential, we consider the ↵-attractor T-model [39] as a
specific example,

V (�) = �M
4

P

����
p

6 tanh

✓
�p

6MP

◆����
k

, (15)
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FIG. 1: Feynman diagram for the production of dark matter

through the gravitational scattering of the Standard Model

particle bath or inflaton condensate.

Standard Model fields (during the reheat process) from
the inflaton condensate in the initial state.

Although the direct coupling to the massless graviton
appears to be feeble due to Planck suppression, the en-
ergy available in the thermal bath during the initial stage
of reheating is large enough to make the gravitational
production rates significant.

The scattering amplitudes related to the produc-
tion rate of the processes �/SMi(p1) + �/SMi(p2) !
SMi

/X
j(p3) + SMi

/X
j(p4) can be parametrized by

Mij / M
j

µ⌫
⇧µ⌫⇢�

M
i
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, (6)

where (i, j) denotes the spin of the (initial,final) state
involved in the scattering process and i, j = 0, 1/2, 1.
⇧µ⌫⇢� is the graviton propagator for the canonical field
h with momentum k = p1 + p2,
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The partial amplitudes, M
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, are given by

M
0

µ⌫
=

1

2
[p1µp2⌫ + p1⌫p2µ � ⌘µ⌫p1 · p2 � ⌘µ⌫V

00(S)] , (8)

M
1/2

µ⌫
=

1

4
v̄(p2) [�µ(p1 � p2)⌫ + �⌫(p1 � p2)µ] u(p1) , (9)

M
1

µ⌫
=

1

2


✏
⇤
2

· ✏1 (p1µp2⌫ + p1⌫p2µ)

� ✏
⇤
2

· p1 (p2µ✏1⌫ + ✏1µp2⌫) � ✏1 · p2

�
p1⌫✏

⇤
2µ

+ p1µ✏
⇤
2⌫

�

+ p1 · p2

�
✏1µ✏

⇤
2⌫

+ ✏1⌫✏
⇤
2µ

�

+ gµ⌫ (✏⇤
2

· p1✏1 · p2 � p1 · p2 ✏
⇤
2

· ✏1)

�
, (10)

with analogous expressions for dark matter in terms of
the dark matter momenta, p3, p4, and potential V (X), if
X is a scalar. For an initial state inflaton with S = �, we
replace M

0

µ⌫
with T

0

µ⌫
from Eq. (3). As we only consider

vectors in the Standard Model, their masses have been
neglected in Eq. (10).

In what follows, we consider three distinct processes
based on the diagram in Fig. 1: for the production of dark

matter, A) SM + SM ! X+X; B) �+� ! X+X, where
the latter involves the inflaton condensate (zero mode)
in the initial state rather than an initial state particle
with momentum p1,2 (see below for more detail), and
C) � + � ! SM + SM, as a minimal and unavoidable
contribution to the reheating process.

The dark matter production rate from SM fields can
be readily calculated by assuming that the initial particle
states are massless. This assumption can be justified by
the fact that the energy associated with the momenta,
p1 , p2 is extremely large at the end of inflation and dom-
inates over electroweak scale quantities.

The dark matter production rate R(T ) for the SM+SM
! X + X process with amplitude M3 is

R(T ) =
2

1024⇡6
⇥
Z

f1f2E1 dE1E2 dE2 d cos ✓12

Z
|M|2 d⌦13 ,

(11)
where the factor of two accounts for two dark matter
particles per scattering, Ei denotes the energy of parti-
cle i = 1, 2, 3, 4, ✓13 and ✓12 are the angles formed by
momenta p

1,3
and p1,2, respectively, and

fi =
1

eEi/T ± 1
, (12)

represent the assumed thermal distributions of the in-
coming SM particles.

The total amplitude squared for the gravitational scat-
tering process SM+SM ! Xj + Xj is given by a sum
of the three amplitudes associated with different initial
state spins,

|M|2 = 4|M0|2 + 45|M1/2|2 + 12|M1|2 . (13)

These were calculated in [19] and it was found that the
dark matter production rate is given by

R
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where j refers to the spin of X (either 0 or 1/2), the
constants �j and details related to the computation of
dark matter production rate and the amplitude squared
are given in Appendix A.

For the production of dark matter through the scat-
tering of the inflaton condensate we consider the time-
dependent oscillation of a classical inflaton field �(t).
Since our computation depends explicitly on inflaton po-
tential, we consider the ↵-attractor T-model [39] as a
specific example,
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trum of the Standard Model is straightforward, and we
leave it for future work.

For models with minimally coupled gravity, the pro-
cesses �/h(p1) + �/h(p2) ! h/X(p3) + h/X(p4) can be
parametrized by

M
00

/ M
0

µ⌫⇧
µ⌫⇢�

M
0

⇢� , (18)

where the graviton propagator for the canonically-
normalized field hµ⌫ with exchange momentum k =
p1 + p2 is given by

⇧µ⌫⇢�(k) =
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µ⇢
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µ�
⌘
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⌘
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2k2
, (19)

and the partial amplitude, M0

µ⌫ , is given by

M
0

µ⌫ =
1

2
[p1µp2⌫ + p1⌫p2µ � ⌘µ⌫p1 · p2 � ⌘µ⌫V

00
S ] , (20)

with analogous expression for the final state in terms of
outgoing momenta p3,4 and the final state potential. In
Fig. 2 we show the s-channel graviton exchange scatter-
ing obtained from the Lagrangian (16) for the production
of dark matter from either the Higgs field or the inflaton
condensate as well as the reheating process (the produc-
tion of Higgs bosons from the inflaton condensate).

C. Production rates

In this work, we consider three processes:

A. The production of dark matter from the scattering
of thermal Higgs bosons (assuming reheating is pro-
duced by inflaton decay). In this case, the dark mat-
ter is populated via a freeze-in mechanism throughout
the reheating period.

B. The production of dark matter from direct excitations
of the inflaton condensate. This process, which can
be viewed as gravitational inflaton scattering, is inde-
pendent of the presence of a thermal bath.

C. The creation of a radiative bath at the start of reheat-
ing arising from the Higgs boson production through
gravitational inflaton scattering. Since such a pro-
cess is unavoidable in minimally coupled gravity, it
is interesting to know when such a process becomes
dominant in models with non-minimal couplings ⇠i.

The thermal dark matter production rate R(T ) for the
process hh ! XX can be calculated from6 [30]

R(T ) =
2⇥Nh

1024⇡6

Z
f1f2E1 dE1E2 dE2 d cos ✓12

Z
|M|

2 d⌦13 ,

(21)

6 We include the symmetry factors associated with identical initial
and final states in the definition of |M|2, and a factor of 2 is
explicitly included in the definition of the rate to account for the
production of 2 identical particles.

where Ei is the energy of particle i = 1, 2, ✓13 and ✓12

are the angles formed by momenta p1,3 and p1,2, respec-
tively. Nh = 4 is the number of internal degrees of free-
dom for 1 complex Higgs doublet, |M|

2 is the matrix
amplitude squared with all symmetry factors included.
This accounts for the explicit factor of 2 in the numera-
tor of Eq. (21). The thermal distribution function of the
incoming Higgs particles is given by the Bose-Einstein
distribution

fi =
1

eEi/T � 1
. (22)

The rate for minimal gravitational interactions from
Eq. (16) was derived in [6, 31]. The rate we use here
differs in two respects. As noted earlier, we only include
Higgs scalars in the initial state whereas in [6, 31], all
Standard Model particle initial states were included. Sec-
ondly, we keep terms depending on the dark matter mass
which had not previously been taken into account. This
allows us to consider dark matter masses approaching the
inflaton mass and/or the reheating temperature.

For minimal (non-minimal) gravitational interactions,
we find that the thermal dark matter production rate can
be expressed as

R
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4
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4
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4

M
4

P

, (23)

where the coefficients �(⇠)
1, 2, 3 are given in Appendix B by

Eqs. (84-86) (Eqs. (80-82)). The ratio of the non-minimal
to minimal rate is shown in Fig. 3. However, we note
that when ⇠i ⇠ O(1) both rates are comparable and in-
terference effects become significant. The full coefficients
�1, 2, 3 including interference are given by Eqs. (87-89)
from Appendix B. We leave the comparison of the ef-
fects on dark matter production from the two rates for
the next section.

The rate for dark matter produced from inflaton os-
cillations of the inflaton condensate for a potential of
the form V = ��

k were considered in detail in [6, 32].
The time-dependent inflaton can be written as �(t) =
�0(t)P(t), where �0(t) is the time-dependent amplitude
that includes the effects of redshift and P(t) describes the
periodicity of the oscillation. The dark matter produc-
tion rate is calculated by writing the potential in terms
of the Fourier modes of the oscillations [6, 32–34]

V (�) = V (�0)
1X

n=�1
P

k
ne

�in!t = ⇢�

1X

n=�1
P

k
ne

�in!t
.

(24)
For k = 2 (the only case considered here), the frequency
of oscillation is simply, ! = m�.

The rate generated by non-minimal couplings can be
readily calculated using the Lagrangian (13), which leads
to

R
�, ⇠
X =
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⇠ 2

�X

⇡

⇢
2

�

m
4
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, (25)
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through single graviton exchange [31]. Here, we generalize
that result for k ≥ 2. Having computed the production rate
in Eqs. (20) and (23) for scalar and fermionic dark matter,
respectively, we can replace RT

X with the rates in Eq. (39).
Then integrating
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where we assumed aRH ≫ aend. Note that the dependence
on ρϕ used in Eq. (44) hides the fact that we considered a
decaying inflaton during the reheating.
For fermionic dark matter we obtained
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Up until now, we have assumed that the thermal bath was
produced via inflaton decays. However, for low reheat
temperatures, and hence small values of the Yukawa-like

inflaton coupling, y, it is possible that radiation, in the form
of Higgs bosons, is produced directly from the condensate
via gravitational interactions. This is considered in the next
subsection.

C. ϕϕ → hμν → SMSM

The calculation for the production of SM fields produced
by the scattering of the inflaton via gravity is similar to the
preceding calculation for dark matter. As was shown in
[31,37], there exists the possibility that the thermal bath is
produced not by inflaton decay but rather by inflaton
scattering after inflation. This occurs for instance for low
values of y. In this case, the maximum temperature is not
given by the inflaton width but by the scattering process,
whereas the final reheating (and thus TRH) is still dominated
by the decay. This is illustrated in Fig. 2 below. In fact, the
gravitational scattering ϕϕ → hμν → HH is always present
and can never be eliminated. Such a process generates an
effective coupling

Lh ¼ σhϕ2H2: ð51Þ

From Eq. (A.23) of Ref. [37], we can write the left-hand side
of Eq. (30) as

ð1þ wÞΓϕρϕ ¼ N
σ2h
4π

ϕ4
0ω

X∞

n¼1

njPk
nj2; ð52Þ

where N ¼ 4 is the number of real scalars in the Standard
Model, when we neglect the Higgs mass. Identifying this

FIG. 2. Evolution of the radiation density (red) and inflaton
density (blue) as a function of a=aend for a Yukawa-like coupling
y ¼ 10−8 with ρend ¼ 1064 GeV4 and k ¼ 2. This plot is obtained
by solving numerically Eqs. (29), (30), and (55). The evolution of
the radiation density produced from inflaton decays (orange
dashed) and scattering mediated by gravity (green dashed) are
also shown.
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through single graviton exchange [31]. Here, we generalize
that result for k ≥ 2. Having computed the production rate
in Eqs. (20) and (23) for scalar and fermionic dark matter,
respectively, we can replace RT

X with the rates in Eq. (39).
Then integrating

dYX

da
¼

ffiffiffi
3

p
MPffiffiffiffiffiffiffiffi
ρRH

p a2
"

a
aRH

# 3k
kþ2

Rϕk

X ðaÞ ð44Þ

between aend and aRH gives for scalar dark matter

nϕ0 ðaRHÞ ¼
ffiffiffi
3

p
ρ3=2RH

8πM3
P

kþ 2

6k − 6

$"
aRH
aend

#6k−6
kþ2

− 1

%
Σk
0; ð45Þ

which can be expressed as function of ρend using Eq. (34):

nϕ0 ðaRHÞ ≃
ffiffiffi
3

p
ρ3=2RH

8πM3
P

kþ 2

6k − 6

"
ρend
ρRH

#
1−1

k
Σk
0; ð46Þ

or

Ωϕ
0h

2

0.1
≃
"

ρend
1064 GeV4

#
1−1

k
"
1040 GeV4

ρRH

#1
4−

1
k
"
kþ 2

6k − 6

#

× Σk
0 ×

mX

2.4 × 10
24
k−7 GeV

; ð47Þ

where we assumed aRH ≫ aend. Note that the dependence
on ρϕ used in Eq. (44) hides the fact that we considered a
decaying inflaton during the reheating.
For fermionic dark matter we obtained
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Up until now, we have assumed that the thermal bath was
produced via inflaton decays. However, for low reheat
temperatures, and hence small values of the Yukawa-like

inflaton coupling, y, it is possible that radiation, in the form
of Higgs bosons, is produced directly from the condensate
via gravitational interactions. This is considered in the next
subsection.

C. ϕϕ → hμν → SMSM

The calculation for the production of SM fields produced
by the scattering of the inflaton via gravity is similar to the
preceding calculation for dark matter. As was shown in
[31,37], there exists the possibility that the thermal bath is
produced not by inflaton decay but rather by inflaton
scattering after inflation. This occurs for instance for low
values of y. In this case, the maximum temperature is not
given by the inflaton width but by the scattering process,
whereas the final reheating (and thus TRH) is still dominated
by the decay. This is illustrated in Fig. 2 below. In fact, the
gravitational scattering ϕϕ → hμν → HH is always present
and can never be eliminated. Such a process generates an
effective coupling

Lh ¼ σhϕ2H2: ð51Þ

From Eq. (A.23) of Ref. [37], we can write the left-hand side
of Eq. (30) as

ð1þ wÞΓϕρϕ ¼ N
σ2h
4π

ϕ4
0ω

X∞

n¼1

njPk
nj2; ð52Þ

where N ¼ 4 is the number of real scalars in the Standard
Model, when we neglect the Higgs mass. Identifying this

FIG. 2. Evolution of the radiation density (red) and inflaton
density (blue) as a function of a=aend for a Yukawa-like coupling
y ¼ 10−8 with ρend ¼ 1064 GeV4 and k ¼ 2. This plot is obtained
by solving numerically Eqs. (29), (30), and (55). The evolution of
the radiation density produced from inflaton decays (orange
dashed) and scattering mediated by gravity (green dashed) are
also shown.
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and hence a maximum radiation density,
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where we have taken N = 4 and scales as N

1/4. Further-
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It is important to stress the importance of Eqs. (60)
and (61). These correspond to an absolute lower bound
on the maximal temperature of the Universe. We have
not made any assumption other than the existence of
a complex Higgs doublet and the inflaton coupled only
through gravity. Our calculation implies that the Uni-
verse must have passed through this (or a higher) tem-
perature during the early stages of reheating.

For k = 2, the radiation density produced by inflaton
scattering as computed above never comes to dominate
the energy density and can not lead to reheating. Al-
though scattering can lead to reheating if k � 4 [37].
Gravitational scattering is less efficient. The ‘quartic’
coupling defined in Eq. (53) is only constant if k = 2. In
general, it scales as �

k�2

0
. Nevertheless, for k > 4 reheat-

ing from gravitational scattering is possible, though very
inefficient. For example, for k = 6, TRH . 1 eV. As a
result it is usually necessary to include a decay channel
for the inflaton as in Eq. (31).8 For a sufficiently large

8
Note that even including non-perturbative effects including pre-

heating, does not lead to reheating in the absence of a decay

channel for k = 2 [44].

coupling, y, the radiation produced by decay will always
dominate over that produced by scattering as computed
above. In addition, the maximum temperature may be
greater than the lower bound in Eq. (61). However, there
is a critical value of y, such that at smaller couplings, the
gravitational scattering process (52) dominates at some
point during the reheating process. This gives us the re-
heating temperature below which the maximal temper-
ature is fixed by (60), and is independent of additional
couplings beyond gravity between the inflaton and the
standard model sector. To determine the value of this
critical coupling (and hence reheating temperature), it is
useful to rewrite Eq. (35) as
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It is important to stress the importance of Eqs. (60)
and (61). These correspond to an absolute lower bound
on the maximal temperature of the Universe. We have
not made any assumption other than the existence of
a complex Higgs doublet and the inflaton coupled only
through gravity. Our calculation implies that the Uni-
verse must have passed through this (or a higher) tem-
perature during the early stages of reheating.

For k = 2, the radiation density produced by inflaton
scattering as computed above never comes to dominate
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coupling, y, the radiation produced by decay will always
dominate over that produced by scattering as computed
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which gives
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1
|2 =

1

4
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The critical value for y such that the maximum radiation
density and temperature are determined from the scat-
tering of the inflaton condensate is given by ⇢

y
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which gives for k = 2 and N = 4,

y . 0.4
r

⇢end

M
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TRH . 3.0⇥109
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⇢end

1064GeV4
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�
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GeV ,

(69)
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where TRH is defined by [37]

⇢�(aRH) = ↵T
4
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= M

4

P

 p
3�

3

k
y
2⌃y

k
�
� 2

k (k + 2)

8⇡(7 � k)

!k

.

(70)
Thus for all models with a reheat temperature due to
decays, which is less than that given in Eq. (69), the
maximum temperature during the reheat process is de-
termined by scattering (mediated by gravity) and thus
can not be ignored. Note also that for such small values
of y, the kinetic effects due to the effective mass induced
by the coupling y�f̄f are non-existent, as shown in [37].

We show in Fig. 2 the evolution of the energy densities
of the inflaton (blue), the radiation produced by inflaton
decays (orange dashed), the radiation produced by infla-
ton scattering mediated by gravity (green dashed), and
the total radiation density (red) as function of the scaling
parameter a/aend for a Yukawa-like coupling y = 10�8

with k = 2 and ⇢end = 1064 GeV4. We clearly see that
the beginning of the evolution of the radiation density
is dominated by the scattering of the inflaton via gravi-
ton exchange (orange line), which determines the maxi-
mum temperature. For k = 2, the radiation density from
scattering falls as a

�4 [37], whereas the density from de-
cays falls more slowly as a

�3/2 so that eventually the
latter begins to dominate the population of the thermal
bath when a = aint, until the reheating is complete when
⇢� = ⇢R at a = aRH. For aint � aend, we can approxi-
mate the cross-over point from Eqs. (56) and (63) using
the equality ⇢

y

R
= ⇢

h

R
. For sufficiently small y and for

k = 2, we find

aint

aend

'
✓

8y
2⌃y

2

5N⌃h

2

M
4

P

⇢end

◆� 2

5

, (71)

which gives aint ' 430 aend in good agreement with
the numerical solution for the parameter choices used
in Fig. 2. We stress that the maximum temperature at-
tained Tmax ' 1012 GeV is independent of any beyond
the Standard Model physics, and is purely gravitational
and can not be ignored when production rates are highly
dependent on the ratio Tmax/TRH.

We can finally apply our result to the dark matter pro-
duction through a graviton exchange while the bath is
also dominated by scattering of � through graviton ex-
change. For TRH . 109 GeV, the Boltzmann equation
one needs to consider is

dY
h

X

da
=

p
3MPp
⇢end

a
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✓
a

aend

◆ 3k
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h

X
(a) (72)
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⇢
2
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4
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⇣
amax

a

⌘8
. (73)

FIG. 2: Evolution of the radiation density (red) and inflaton

density (blue) as a function of a/aend for a Yukawa-like

coupling y = 10�8
with ⇢end = 1064 GeV

4
and k = 2. This

plot is obtained by solving numerically equations (29), (30)

and (55). The evolution of the radiation density produced

from inflaton decays (orange-dashed) and scattering

mediated by gravity (green-dashed) are also shown.
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(74)

where aint corresponds to the value of the scale factor
when the radiation density produced by inflaton decays
begins dominate over that produced by gravitational in-
flaton scattering (this only occurs if y satisfies the bound
in Eq. (67)). For a > aint, the slope of the radiation en-
ergy density curve as a function of a changes as seen in
Fig. 2 and any thermal contribution to the production of
dark matter originates from inflaton decay.

For sufficiently small y, aint � aend, and Eq. (74) can
be simplified and we see that the dark matter yield does
not depend on this intermediate scale factor, but only on
aend and ⇢end. Thus for small y, we can also use Eq. (74)
to evaluate the dark matter density at a = aRH,

n
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2
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form, �2(@�)2.1 This coupling will also be present if � is
coupled to curvature (L 3 ⇠��

2
R, where R is the Ricci

curvature). In this case, a coupling ⇠�(m2

�
/M

2

P
)�2

�
2 ap-

pears when the theory is brought to the Einstein frame
[45].

Nevertheless, as both the inflaton and spectator are
gauge singlets, there is no reason not to expect Planck-
suppressed operators of the form �

2
�
2, and these may

greatly a↵ect the generation and subsequent evolution of
h�

2
i. In this work, we study the e↵ect of such operators

on the relic density of spectator dark matter. We consider
the simplest case where inflaton oscillations are driven by
a quadratic term about minimum of the inflaton poten-
tial (w = 0), motivated by a simple inflationary model
[56]. Once the inflaton potential parameters are fixed
from CMB observations, we have three independent free
parameters: the spectator mass, m�, the spectator cou-
pling to the inflaton, �, and the reheating temperature,
TRH. The relative values of these parameters will deter-
mine when the e↵ective spectator mass is dominated by
its bare mass, when the spectator oscillations begin, and
when reheating is achieved. The corresponding values
of the cosmological scale factor for these events are de-
noted respectively by a�, aosc, and aRH. Without either
self-interactions or couplings to other fields, as already
shown in [26, 27], there can be a severe overproduction
of scalar dark matter, as we will also see below. Adding
a coupling to the inflaton greatly relaxes this constraint
and opens up the allowed values of m� and TRH.

We will show that the parameter space begins to open
for Planck-suppressed couplings2 � = �̃m

2

�
/M

2

P
, with

�̃ & 10�7. Furthermore, for �̃ & 9

16
, particle produc-

tion becomes dominated by inflaton scattering through
either single graviton exchange or the contact interac-
tion between � and �. In this case the allowed range
on the mass of � is very large, ⇠ 0.01� ⇠ 1013 GeV
and the allowed range on TRH also opens, reaching
roughly 0.004 � 1015 GeV. This can be accomplished
with couplings �̃ between 0.004 and 50, so that con-
straints from isocurvature perturbations are avoided and
non-perturbative production from scattering can be ne-
glected.

In what follows, we first define the model of inflation,
the coupling to the scalar, and the cosmological evolu-
tion of the system in Section II. In Section III, we de-
fine our model parameters and consider the production
of long wavelength modes (important for relatively small
couplings), combined with the gravitational production
of � through scattering of inflaton field. We also discuss

1 There is, in fact, a term �
2
�
2 in the Lagrangian, but it is highly

suppressed with a coupling of order m2
�/M

2

P and will not appre-

ciably a↵ect the generation of the fluctuation in �
2.

2 In the theory with a non-minimal coupling to curvature, we can
make the associations �̃ = �⇠� in the e↵ective mass [45]. This
association is only valid when ⇠��

2 ⌧ M
2

P .

the constraints from isocurvature perturbations. Our re-
sults are collected in Section IV, where we distinguish
between large and small coupling scenarios. A discussion
and summary of our results is given in Section V.

II. MODEL AND FIELD EVOLUTION AFTER

INFLATION

We consider a model with two real scalar fields: the
inflaton, �, and the spectator, �. The action is given by

S =

Z
d
4
x
p
�g


1

2
@
µ
�@µ�� V (�) +

1

2
@µ�@

µ
�

�
1

2
m

2

�
�
2
�

1

2
��

2
�
2

�
,

(1)

where V (�) is the inflationary potential, m� is the bare
mass of the spectator field, and � is a direct coupling
between the inflaton and spectator field. Although this
coupling appears renormalizable, we assume it is an ef-
fective and Planck-suppressed coupling. Therefore, we
expect � to be of order m2

�
/M

2

P
in analogy with the on-

shell coupling from single graviton exchange [44, 45]. We
use the metric signature (+,�,�,�).

Varying this action with respect to � and �, the equa-
tions of motion are3

�̈+ 3H�̇+
dV (�)

d�
' 0 , (2)

�̈+ 3H�̇+m
2

�,e↵
� = 0 , (3)

where H = ȧ

a
is the Hubble parameter, and the e↵ec-

tive mass of the spectator field � is given by m
2

�,e↵
=

m
2

�
+ �h�

2
i. When accelerated expansion ends, the in-

flaton begins a series of oscillations, dominating the en-
ergy density of the Universe until reheating, when the
radiation density (produced, for example, by inflaton de-
cays or scatterings [57, 58]) equals the energy density in
the inflaton condensate. Similarly, the spectator field,
�, will also begin its series of oscillations when mt ' 1
or m�,e↵(a) = 3

2
H(a) in a matter-dominated (inflaton-

dominated) universe, occurring at a = aosc. The red-
shifting of the energy density in � is highly dependent on
the content of the Universe, and we show how the rela-
tive values of aosc and aRH are crucial in determining the
relic density of � at the present time.

For numerical analysis, we consider the Starobinsky
model of inflation [56],

V (�) =
3

4
m

2

�
M

2

P

⇣
1� e

�
p

2

3
�

⌘2

, (4)

3 We neglected the �h�2i� contribution because it is of order
�h�2i ⌧ m

2

�.

effective mass

equations of motion

critical events:

<latexit sha1_base64="roLqP1UDpcP/4fWUmP3Zqvtrhyo="></latexit>

m2
�,e↵ = m2

� + �h�2i

<latexit sha1_base64="oJC6d24ECE1FZA5i+M5x6MKYeWU=">AAACKnicdVDLSgMxFM3UV62vqks3F4sgKGVanyBC1U2XFawtdGrJpJk2NJkZkoxQhn6PG3/FTRdKceuHmGkr1NeBhJNz7uXeHDfkTGnbHlmpufmFxaX0cmZldW19I7u5da+CSBJaJQEPZN3FinLm06pmmtN6KCkWLqc1t3eT+LVHKhUL/DvdD2lT4I7PPEawNlIre+W024GOHdJlAziAozI4s2/RGtNDcKQA6nmDhyIkAjgXcJlcNrSyuULeHgPsX+TLyqEpKq3s0IwgkaC+Jhwr1SjYoW7GWGpGOB1knEjREJMe7tCGoT4WVDXj8VcHsGeUNniBNMfXMFZnO2IslOoL11QKrLvqp5eIf3mNSHvnzZj5YaSpTyaDvIiDDiDJDdpMUqJ53xBMJDO7AuliiYk26WZmQ/if3BfzhdP8ye1xrnQ9jSONdtAu2kcFdIZKqIwqqIoIekIv6BW9Wc/W0BpZ75PSlDXt2UbfYH18AldspBI=</latexit>

�̈+ 3H�̇+m
2
�,e↵� = 0

end of inflation:
start of χ oscillations:
effective mass dominated by mχ :
reheating:

<latexit sha1_base64="b3SUMBn/CnmzE8sByqTho7qXy+Q=">AAAB8nicdVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoaenJ2nSy9DdI4Qhn+HFgyJe/Rpv/o2dRYjbg4LHe1VU1YtSzoz1/Q+vsLS8srpWXC9tbG5t75R395pGZZrQBlFc6XaEDeVM0oZlltN2qikWEaetaHg98Vv3VBum5J0dpTQUuC9Zwgi2TurgXt7VAlEZj3vlSlD1p0D+L/JlVWCOeq/83o0VyQSVlnBsTCfwUxvmWFtGOB2XupmhKSZD3KcdRyUW1IT59OQxOnJKjBKlXUmLpuriRI6FMSMRuU6B7cD89CbiX14ns8llmDOZZpZKMluUZBxZhSb/o5hpSiwfOYKJZu5WRAZYY2JdSqXFEP4nzZNqcF49uz2t1K7mcRThAA7hGAK4gBrcQB0aQEDBAzzBs2e9R+/Fe521Frz5zD58g/f2CTw0kT0=</latexit>aend

<latexit sha1_base64="K2Oem2X2COx/fNIczTi8I9e2f7o=">AAAB8XicdVDJSgNBEK1xjXGLevTSGARPYUbcjkEvOUYxCyZD6On0JE16Gbp7hDDkL7x4UMSrf+PNv7GzCHF7UPB4r4qqelHCmbG+/+EtLC4tr6zm1vLrG5tb24Wd3bpRqSa0RhRXuhlhQzmTtGaZ5bSZaIpFxGkjGlyN/cY91YYpeWuHCQ0F7kkWM4Ktk+5wJ2trgW4qo06hGJT8CZD/i3xZRZih2im8t7uKpIJKSzg2phX4iQ0zrC0jnI7y7dTQBJMB7tGWoxILasJscvEIHTqli2KlXUmLJur8RIaFMUMRuU6Bbd/89MbiX14rtfFFmDGZpJZKMl0UpxxZhcbvoy7TlFg+dAQTzdytiPSxxsS6kPLzIfxP6sel4Kx0en1SLF/O4sjBPhzAEQRwDmWoQBVqQEDCAzzBs2e8R+/Fe522LnizmT34Bu/tEyUikJY=</latexit>aRH

<latexit sha1_base64="Unf8stkRD549nQFtkAf1B5BaGuY=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4CjPidgx68RjBLDAZQk+nJ2nSy9BdI4Qhn+HFgyJe/Rpv/o2dRYjbg4LHe1VU1YtTwS34/odXWFpeWV0rrpc2Nre2d8q7e02rM0NZg2qhTTsmlgmuWAM4CNZODSMyFqwVD68nfuueGcu1uoNRyiJJ+oonnBJwUki6ecdIrC0dd8uVoOpPgf1f5MuqoDnq3fJ7p6dpJpkCKoi1YeCnEOXEAKeCjUudzLKU0CHps9BRRSSzUT49eYyPnNLDiTauFOCpujiRE2ntSMauUxIY2J/eRPzLCzNILqOcqzQDpuhsUZIJDBpP/sc9bhgFMXKEUMPdrZgOiCEUXEqlxRD+J82TanBePbs9rdSu5nEU0QE6RMcoQBeohm5QHTUQRRo9oCf07IH36L14r7PWgjef2Uff4L19AlGTkUs=</latexit>aosc
<latexit sha1_base64="WxbGTekr1RMnAeegmVcaNBJzAlQ=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh9HRqkjY93UN3jxBC/sGLB0W8+j/e/Bs7ixC3BwWP96qoqhelghvr+x/ewuLS8spqbi2/vrG5tV3Y2a0ZlWmGVaaE0o2IGhRcYtVyK7CRaqRJJLAe9a/Gfv0eteFK3tpBimFCu5LHnFHrpBptt1iPtwvFoORPQPxf5MsqwgyVduG91VEsS1BaJqgxzcBPbTik2nImcJRvZQZTyvq0i01HJU3QhMPJtSNy6JQOiZV2JS2ZqPMTQ5oYM0gi15lQ2zM/vbH4l9fMbHwRDrlMM4uSTRfFmSBWkfHrpMM1MisGjlCmubuVsB7VlFkXUH4+hP9J7bgUnJVOb06K5ctZHDnYhwM4ggDOoQzXUIEqMLiDB3iCZ095j96L9zptXfBmM3vwDd7bJ3TAjxE=</latexit>a�



Scalar Dark Matter through fluctuations

3

which, when expanded about the minimum, behaves as

V (�) '
1

2
m

2

�
�
2
, � . MP , (5)

with m� = 2HI , where HI is the Hubble parameter dur-
ing inflation. The normalization of the inflaton potential
can be obtained from the overall amplitude of scalar per-
turbations, AS⇤ = 2.1⇥ 10�9 [59] and

m
2

�

M
2

P

'
24⇡2

AS⇤

N2
⇤

. (6)

For a nominal choice of 55 e-folds,4 for the Starobinsky
potential, one finds m� ' 1.25⇥10�5

MP ' 3⇥1013 GeV
[60–63]. Additionally, the scalar tilt, ns = 0.965, and
scalar-to-tensor anisotropy ratio, r = 0.0035, are in ex-
cellent agreement with Planck results [59].

The solution to Eq. (2) is well known and leads to
harmonic oscillations of �. The energy density can be
expressed in terms of the amplitude of the oscillations
and ⇢� = 1

2
�̇
2 + V (�) = ⇢end(aend/a)3. Here, the scale

factor at the end of inflation is denoted as aend, which is
derived from the fact that at aend, V (�end) = �̇

2

end
and

⇢end = 3

2
V (�end).5 The inflaton field value at the end

of inflation is denoted as �end = �(aend), and similarly,
Hend = H(aend).

Supposing that ⇢� dominates the energy budget of the
Universe until reheating is complete, the Hubble param-
eter scales as H(a) /

p
⇢� ⇠ a

� 3

2 for aend < a < aRH.
It is then convenient to rewrite the equation of motion
Eq. (3) for � as

�
00 +

5

2

�
0

a
+ 4�̃

�

a2
= 0 , �̃ = �

M
2

P

m
2

�

, (7)

where 0
⌘ d/da = (aH)�1

d/dt, and we assumed that the
contribution from the bare mass term m

2

�
is negligible.

We also used the relation, 4H2

end
M

2

P
= m

2

�
�
2

end
at the

end of inflation.

If we choose a general ansatz of the form �(a) /

a
�A+iB , the solution for real B is given by:

�(a) = �end

⇣
aend

a

⌘ 3

4


cos

✓
B log


a

aend

�◆

+
3

4B
sin

✓
B log


a

aend

�◆�
,

(8)

with �end = �(aend), A = 3

4
, and B = 2

q
�̃ �

9

64
.

The constants of integration have been set by assuming

4 We take 55 e-folds for simplicity. See [62] for a detailed analysis
of the Starobinsky model that constrains the number of e-folds
while accounting for reheating.

5 Equivalently, inflation ends when the accelerated expansion stops
and ä(tend) = 0.

�(aend) = �end and �
0(aend) = 0. Real B then requires

�̃ � 9/64. For smaller �̃, the solution is no longer oscil-
latory and takes the form

�(a) = �end

1
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⇣
aend
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⌘ c+3

4

 
c� 3 +

✓
a

aend

◆ c

2

(c+ 3)

!
,

(9)

with c = 8
q

9

64
� �̃. These solutions break down when

the bare mass term for � cannot be neglected in Eq. (7).
This occurs when �̃ is very small, or at large a, when �

2 is
small. Then, Eq. (7) is modified (by replacing the third
term with 4�̃/a2 ! m

2

�
a/H

2

end
a
3

end
) and the spectator

field scales like a matter field, with ⇢� / a
�3 and the

amplitude of � / a
�3/2. We also discuss this possibility

below.

III. PRODUCTION REGIMES

In this work, we focus on a broad range of �̃ up to
�̃ . 50, where the broad parametric resonance e↵ects
become significant and a full non-perturbative analysis
is required [49, 64]. However, as shown in [64], one can
treat the dark matter production perturbatively up to
this value (including the narrow resonance regime with
�̃ ⇠ O(1)). Most importantly, we demonstrate that a
direct coupling between the inflaton and dark matter field
opens up a broad parameter space, allowing for a wide
range of dark matter masses and reheating temperatures,
while successfully avoiding isocurvature constraints.6

A. Long Wavelength Contribution

When �̃ . O(1), the production of the spectator field,
�, is primarily dominated by the long wavelength con-
tribution (superhorizon modes). We assume that dur-
ing inflation, the energy density of the spectator field is
largely subdominant, and inflation is driven solely by the
inflaton, �. At the end of inflation, we further assume
that the expectation value of the spectator field, �, has
reached its asymptotic value given by [1]

h�
2
iend '

3H4

end

8⇡2m
2

�,e↵
(aend)

. (10)

This result corresponds to the spectator field variance
that is averaged over long wavelength superhorizon
modes, and we show the derivation of this result using
the stochastic approach in Appendix A.

6 We note that similar e↵ects can be achieved by introducing a non-
minimal coupling between the dark matter field and gravity [53].

During inflation <χ2> grow linearly in time: H3 t, up to

>> H2, for mχ << H

<χ2> satisfies same equations of motion as a scalar field.

4

Assuming that in a horizon patch, the field is approx-
imately homogeneous, the field value after inflation is
given by �end =

p
h�2iend. When ��

2(a) � m
2

�
, one

can show that the energy density of the spectator field
evolves as

⇢�(a) =
1

2
m

2

�,e↵
�
2(a) '

3H4

end
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(11)
We note that because the inflaton field scales as �(a)2 /

a
�3 and � / a

�3/2, this leads to an overall spectator
field energy density scaling of ⇢�(a) / a

� 9

2 . This means
that ⇢� redshifts faster than ⇢�, and will not dominate
the energy budget of the Universe before reheating is
complete.
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from the gravitational scattering begins to dominate.

B. Gravitational Production After Inflation

When the direct coupling between the inflaton and
spectator field becomes large, i.e., �̃ & 9

16
, the uni-

versal gravitational interactions between the inflation-
ary and dark sectors start dominating the dark mat-
ter production. To compute this gravitational produc-
tion of dark matter during reheating, we expand the
spacetime metric around the flat Minkowski background,
with gµ⌫ ' ⌘µ⌫ + 2

MP

hµ⌫ , where hµ⌫ is the canonically-
normalized linear perturbation. Combining gravitational
interactions with the action in Eq. (1), we find the fol-
lowing interaction terms (see e.g. [70])
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are the energy-momentum tensors of

the inflaton and the spectator dark matter field, respec-

7 During inflation, the asymptotic value of h�2i is determined by
HI , but numerical studies indicate that the subsequent evolution
and density of � is better fit using Hend [69].
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where me↵ is the e↵ective mass. The field perturba-
tion hµ⌫ characterizes a massless spin-2 (canonically-
normalized) graviton. Its propagator in de Donder gauge
that carries the momentum k can be expressed as [71]
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The matrix element that corresponds to the final state
of a pair of dark matter particles, can be computed by
treating the inflaton condensate as a collection of parti-
cles, leading to dark matter production via the s-channel
scattering process [40, 44, 45].

Importantly, because the e↵ective mass of dark mat-
ter is �̃-dependent, it will a↵ect the scattering process
and lead to kinematic blocking when m
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laying the scattering processes. However, even though
the channel �� ! hµ⌫ ! �� is sensitive to the reheating
temperature TRH at the early stages of reheating [44], as
the value of a direct coupling �̃ increases, the scatter-
ing contribution arising from the ��
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2 coupling begins

to dominate dark matter production, leading to e�cient
particle production. We discuss this in detail in the next
section.

C. Model Parameters

We summarize the key parameters for the Starobinsky
model of inflation with N⇤ = 55 e-folds that we use for
our numerical results, along with the field and energy
density dependence on the scale factor a:
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The scaling for � applies when aosc < a < a�, that is
after oscillations begin and before the e↵ective mass is
dominated by the bare mass. Subsequently, ⇢� / a

�3 as
its mass is constant.

As noted earlier, there are three important scale
parameters: aosc, a�, and aRH. Their value rela-
tive to aend can be determined from their definitions:
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The matrix element that corresponds to the final state
of a pair of dark matter particles, can be computed by
treating the inflaton condensate as a collection of parti-
cles, leading to dark matter production via the s-channel
scattering process [40, 44, 45].
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Note that for �̃ & 9

16
, the oscillations begin at the end

of inflation, aosc = aend. For smaller �̃, (aosc/aend)3 '

(1.1 ⇥ 1013 GeV/m�)2. Similarly, (a�/aend)3 ' �̃(1.5 ⇥
1013 GeV/m�)2.

The order of these scale factors depends on �, m�,
and TRH, assuming that �end and Hend are set by the
inflationary model. Thus, we have
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Each of these cases implies a di↵erent evolution for ⇢�.
We will discuss them one by one in the following.

D. Isocurvature Constraints

We also discuss the isocurvature constraints. The
current isocurvature power spectrum constraints from
Planck are given by

�iso ⌘
PS(k⇤)

PR(k⇤) + PS(k⇤)
< 0.038 , (23)

at 95% CL with the pivot scale k⇤ = 0.05Mpc�1 [59],
where PR represents the curvature spectra and PS de-
notes the isocurvature spectra. During inflation, if dark
matter is light compared to the inflationary scale, it leads
to the production of isocurvature modes in tension with
the current Planck constraints [72, 73].

The curvature spectrum of a massive scalar field can
be expressed as

PR(k) =
H

2

I

4⇡2

✓
k

aHI

◆3�2

s
9

4
�

m
2

�,eff

H
2

I

, (24)

8 This assumes TRH > mt (the top quark mass). For lower TRH,
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where ⇢� is the dark matter density and �⇢� is the dark
matter fluctuation. Because the dark matter energy den-
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This allows us to recast the isocurvature power spectrum
in the following form
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If we directly compute this integral, we obtain [74]
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Using this expression, we observe that the modes that
exit the horizon early during inflation will be strongly
suppressed. Therefore, for the k⇤ mode that exits after
N⇤ = 55 e-folds of inflation, we can use the approxima-
tion
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If we now use the N⇤ = 55 e-folds, we find the constraint

m�,e↵(t⇤) & 0.5HI ' Hend , (30)

where we used the fact that for the Starobinsky model of
inflation, HI ' 2Hend. This constraint implies that
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where in the second line, we used the ratio �
2

⇤/�
2

end
' 75

for the Starobinsky model of inflation.

A fully numerical computation of the isocurvature con-
straint for the Starobinsky model of inflation, that was
performed in Ref. [73], shows that the isocurvature con-
straints are given by

m� & 1.1Hend , ��
2

⇤ ⌧ m
2
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, (33)

�̃ & 0.004 , ��
2

⇤ � m
2

�,e↵
, (34)

which are in excellent agreement with the analytical re-
sults. We use the fully numerical results when discussing
the dark matter constraints. However, the analytical pro-
cedure carried out in this section is general and can be
easily applied to various models of inflation.
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Each of these cases implies a di↵erent evolution for ⇢�.
We will discuss them one by one in the following.
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current isocurvature power spectrum constraints from
Planck are given by
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If we directly compute this integral, we obtain [74]
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Using this expression, we observe that the modes that
exit the horizon early during inflation will be strongly
suppressed. Therefore, for the k⇤ mode that exits after
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for the Starobinsky model of inflation.
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which are in excellent agreement with the analytical re-
sults. We use the fully numerical results when discussing
the dark matter constraints. However, the analytical pro-
cedure carried out in this section is general and can be
easily applied to various models of inflation.
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Each of these cases implies a di↵erent evolution for ⇢�.
We will discuss them one by one in the following.

D. Isocurvature Constraints

We also discuss the isocurvature constraints. The
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Planck are given by
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If we directly compute this integral, we obtain [74]
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Using this expression, we observe that the modes that
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If we now use the N⇤ = 55 e-folds, we find the constraint
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for the Starobinsky model of inflation.

A fully numerical computation of the isocurvature con-
straint for the Starobinsky model of inflation, that was
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which are in excellent agreement with the analytical re-
sults. We use the fully numerical results when discussing
the dark matter constraints. However, the analytical pro-
cedure carried out in this section is general and can be
easily applied to various models of inflation.
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The numerical evolution of ⇢� is shown in Fig. 1 when
multiplied by a

3. The choice of parameters is given in the
caption and have been chosen to yield a present density
of ⌦�h

2 = 0.12. The dots indicate the values of a� = 1,
aosc = 5. Since the reheating temperature in this case is
low, aRH = O(1018), far o↵ the scale of the plot (values of
a are all relative to aend). The star shows the result from
Eq. (35) and is in excellent agreement with the numerical
result.

To obtain the present-day relic abundance of dark mat-
ter, the energy density in Eq. (35) must be redshifted to
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where T0 is the present temperature of the CMB, and
g0 = (43/4)(4/11). The fraction of critical density at the
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The solutions to ⌦�h
2 = 0.12 are shown by the hori-

zontal portions of the curves in Fig. 2. In this regime, the
upper limit in the reheating temperature (to ensure that
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2
 0.12) from Eq. (39) is TRH . 7.7⇥ 10�23
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2
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(all

quantities in GeV). Thus, even a spectator mass equal to
the inflaton mass would require a reheating temperature
. 69 TeV, usingHend given in Eq. (16). This is consistent
with the results found in [26]. Note also the constraint
TRH & 4 MeV to ensure successful nucleosynthesis [76]
imposes a lower bound on m� & 7⇥ 109 GeV.

In addition to the contribution to the relic density from
the oscillations of �, there are two additional sources of �
production. One is the single graviton exchange process
involving particle production from the inflaton conden-
sate. The other is the four-point interaction. However,
for small �̃, the relic density from long wavelength far
exceeds that obtained from particle production through
single graviton exchange.

The rate per unit volume for gravitational production
[44–46] including the four-point interaction is given by
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where the explicit factor of 2 indicates that two � par-
ticles are produced per interaction. To obtain the relic
density, this rate should be integrated in the Boltzmann
equation,
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aosc = 5. Since the reheating temperature in this case is
low, aRH = O(1018), far o↵ the scale of the plot (values of
a are all relative to aend). The star shows the result from
Eq. (35) and is in excellent agreement with the numerical
result.
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where the explicit factor of 2 indicates that two � par-
ticles are produced per interaction. To obtain the relic
density, this rate should be integrated in the Boltzmann
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for a stable scalar
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FIG. 2. TRH vs �̃ satisfying ⌦�h
2 = 0.12 for m� = 102(red), 104 (orange), 107 (green), 1010 (blue), 1012 (purple) GeV. The

gray dashed line on the left panel shows the BBN bound on TRH. The cyan shaded region in the left panel is excluded by the
isocurvature constraint in Eq. (34). The right panel magnifies the range 10�2  �̃  50 of the left panel.

where the energy density of � is ⇢� = m�,e↵Y�/a
3. When

m
2

�,e↵
⌧ m

2

�
(and �̃ ⌧ 1), there is a simple analytic

solution [44], and the relic density can be approximated
by

⌦�h
2

0.12
' 8.6⇥ 106

HendTRHm�

GeVM
2

P

. (42)

This becomes comparable to the density given in
Eq. (39) only when m� ' 1.1 ⇥ 1013 GeV. Note that
the relic density from single graviton exchange is propor-
tional to m�, whereas the density from large-scale fluc-
tuations is inversely proportional to the mass squared.
Combining both sources of production, we see that there
is an additional an upper limit to TRH . 4.3 TeV. Thus,
in the absence of even a small (Planck-suppressed) cou-
pling of the spectator to the inflaton, the reheating tem-
perature is restricted to a range 0.004 < TRH/GeV <

4300, and the mass of the spectator is then restricted to
the range 7⇥109 < m�/GeV < 3⇥1013 (the upper limit
corresponding to the inflaton mass and hence kinematic
limit). As we will see, the gravitational strength cou-
pling, when included, greatly opens up the allowed range
for the reheating temperature and spectator mass.

The spectator field may begin oscillating after reheat-
ing (aosc > aRH corresponding to 3↵T 4

RH
> m

2

�
M

2

P
). We

refer to this as case IB. In this case, we can evolve ⇢�

directly from aosc to present time using

⇢�(a0) = ⇢�(aosc)
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when a� < aRH < aosc and is independent of the reheat-
ing temperature. To obtain the last line of Eq. (43), we
used m

2

�,e↵
(aosc) ' m

2
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The present fraction of critical density is then given by
Eq. (37)
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It is then clear that the Universe is largely over-closed in
this case, as the condition ⌦h2 . 0.12 requiresm� > MP .
We do not consider this case any further.

B. Case II: ��
2

end � m
2

�

As � is increased, the dependence on m� in Eq. (35)
disappears (as long as m

2

�
⌧ ��

2

end
) and TRH increases.

As long as �̃ < 9/32, we maintain, aend < a� < aosc and
the relic density (39) becomes
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end
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(45)
Thus for a fixed relic density, we require an increase in
TRH ⇠ 25�̃ GeV as seen in Fig. 2. The curves depart from
being horizontal at low �̃ when �̃ ' m

2

�
/4H2

end
. They

then appear to merge (due to the log scale of the plot) as
TRH increases with �̃ almost independently of m�. This
behavior is very similar to Eq. (39), with �̃H

2

end
playing

the role of m2

�
.

For �̃ > 9/32, the spectator field begins to oscillate
while dominated by the e↵ective mass / �, until a = a�,

Evolution for large σ
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FIG. 2. TRH vs �̃ satisfying ⌦�h
2 = 0.12 for m� = 102(red), 104 (orange), 107 (green), 1010 (blue), 1012 (purple) GeV. The

gray dashed line on the left panel shows the BBN bound on TRH. The cyan shaded region in the left panel is excluded by the
isocurvature constraint in Eq. (34). The right panel magnifies the range 10�2  �̃  50 of the left panel.

where the energy density of � is ⇢� = m�,e↵Y�/a
3. When
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2

�,e↵
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2
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(and �̃ ⌧ 1), there is a simple analytic

solution [44], and the relic density can be approximated
by
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This becomes comparable to the density given in
Eq. (39) only when m� ' 1.1 ⇥ 1013 GeV. Note that
the relic density from single graviton exchange is propor-
tional to m�, whereas the density from large-scale fluc-
tuations is inversely proportional to the mass squared.
Combining both sources of production, we see that there
is an additional an upper limit to TRH . 4.3 TeV. Thus,
in the absence of even a small (Planck-suppressed) cou-
pling of the spectator to the inflaton, the reheating tem-
perature is restricted to a range 0.004 < TRH/GeV <

4300, and the mass of the spectator is then restricted to
the range 7⇥109 < m�/GeV < 3⇥1013 (the upper limit
corresponding to the inflaton mass and hence kinematic
limit). As we will see, the gravitational strength cou-
pling, when included, greatly opens up the allowed range
for the reheating temperature and spectator mass.

The spectator field may begin oscillating after reheat-
ing (aosc > aRH corresponding to 3↵T 4

RH
> m

2

�
M

2

P
). We

refer to this as case IB. In this case, we can evolve ⇢�

directly from aosc to present time using
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when a� < aRH < aosc and is independent of the reheat-
ing temperature. To obtain the last line of Eq. (43), we
used m

2

�,e↵
(aosc) ' m
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The present fraction of critical density is then given by
Eq. (37)
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It is then clear that the Universe is largely over-closed in
this case, as the condition ⌦h2 . 0.12 requiresm� > MP .
We do not consider this case any further.

B. Case II: ��
2

end � m
2

�

As � is increased, the dependence on m� in Eq. (35)
disappears (as long as m

2
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⌧ ��
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end
) and TRH increases.

As long as �̃ < 9/32, we maintain, aend < a� < aosc and
the relic density (39) becomes
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Thus for a fixed relic density, we require an increase in
TRH ⇠ 25�̃ GeV as seen in Fig. 2. The curves depart from
being horizontal at low �̃ when �̃ ' m

2

�
/4H2

end
. They

then appear to merge (due to the log scale of the plot) as
TRH increases with �̃ almost independently of m�. This
behavior is very similar to Eq. (39), with �̃H

2

end
playing

the role of m2

�
.

For �̃ > 9/32, the spectator field begins to oscillate
while dominated by the e↵ective mass / �, until a = a�,

Evolution for large σ
But, at large 
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FIG. 1. Energy density evolution of the spectator field
⇢�a

3. Here we assumed ��
2

end ⌧ m
2

�, m� = 1012 GeV, and
TRH = 77 GeV. The star shows the relic density obtained from
Eq. (35)

IV. SCENARIOS

A. Case I: ��
2

end ⌧ m
2

�

When � is very small (or absent), the bare mass term
comes to dominate early (and will then always domi-
nate at later times), and a� < aosc, aRH. The specta-
tor field starts oscillating when 3

2
H(aosc) ' m�. Be-

cause the Hubble parameter scales as H(a) / a
� 3

2 , the
oscillations start before reheating if 3

4

⇢RH
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P

< m
2

�
, or

3↵T 4

RH
< 4m2
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M

2

P
, when aosc/aend = (3Hend/2m�)2/3.

We refer to this case as IA, where a� < aosc < aRH.

The initial value when the field starts oscillating is
given by �(aosc) =

p
h�2iend. We want to compute the

energy density of the spectator field at the time of re-
heating. By combining Eqs. (10), (17) and (19), we find
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The numerical evolution of ⇢� is shown in Fig. 1 when
multiplied by a

3. The choice of parameters is given in the
caption and have been chosen to yield a present density
of ⌦�h

2 = 0.12. The dots indicate the values of a� = 1,
aosc = 5. Since the reheating temperature in this case is
low, aRH = O(1018), far o↵ the scale of the plot (values of
a are all relative to aend). The star shows the result from
Eq. (35) and is in excellent agreement with the numerical
result.

To obtain the present-day relic abundance of dark mat-
ter, the energy density in Eq. (35) must be redshifted to

the present by

✓
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, (36)

where T0 is the present temperature of the CMB, and
g0 = (43/4)(4/11). The fraction of critical density at the
present time is then given by [75]
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Combining these results, we find
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The solutions to ⌦�h
2 = 0.12 are shown by the hori-

zontal portions of the curves in Fig. 2. In this regime, the
upper limit in the reheating temperature (to ensure that
⌦�h

2
 0.12) from Eq. (39) is TRH . 7.7⇥ 10�23

m
2

�
(all

quantities in GeV). Thus, even a spectator mass equal to
the inflaton mass would require a reheating temperature
. 69 TeV, usingHend given in Eq. (16). This is consistent
with the results found in [26]. Note also the constraint
TRH & 4 MeV to ensure successful nucleosynthesis [76]
imposes a lower bound on m� & 7⇥ 109 GeV.

In addition to the contribution to the relic density from
the oscillations of �, there are two additional sources of �
production. One is the single graviton exchange process
involving particle production from the inflaton conden-
sate. The other is the four-point interaction. However,
for small �̃, the relic density from long wavelength far
exceeds that obtained from particle production through
single graviton exchange.

The rate per unit volume for gravitational production
[44–46] including the four-point interaction is given by
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where the explicit factor of 2 indicates that two � par-
ticles are produced per interaction. To obtain the relic
density, this rate should be integrated in the Boltzmann
equation,
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FIG. 1. Energy density evolution of the spectator field
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�, m� = 1012 GeV, and
TRH = 77 GeV. The star shows the relic density obtained from
Eq. (35)
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The numerical evolution of ⇢� is shown in Fig. 1 when
multiplied by a

3. The choice of parameters is given in the
caption and have been chosen to yield a present density
of ⌦�h

2 = 0.12. The dots indicate the values of a� = 1,
aosc = 5. Since the reheating temperature in this case is
low, aRH = O(1018), far o↵ the scale of the plot (values of
a are all relative to aend). The star shows the result from
Eq. (35) and is in excellent agreement with the numerical
result.

To obtain the present-day relic abundance of dark mat-
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where T0 is the present temperature of the CMB, and
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The solutions to ⌦�h
2 = 0.12 are shown by the hori-
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the inflaton mass would require a reheating temperature
. 69 TeV, usingHend given in Eq. (16). This is consistent
with the results found in [26]. Note also the constraint
TRH & 4 MeV to ensure successful nucleosynthesis [76]
imposes a lower bound on m� & 7⇥ 109 GeV.

In addition to the contribution to the relic density from
the oscillations of �, there are two additional sources of �
production. One is the single graviton exchange process
involving particle production from the inflaton conden-
sate. The other is the four-point interaction. However,
for small �̃, the relic density from long wavelength far
exceeds that obtained from particle production through
single graviton exchange.

The rate per unit volume for gravitational production
[44–46] including the four-point interaction is given by

Rg =
2⇥ ⇢

2

�

256⇡M4

P

 
1� 4�̃ +

m
2

�,e↵

2m2

�

!2
s

1�
m

2

�,e↵

m
2

�

, (40)

where the explicit factor of 2 indicates that two � par-
ticles are produced per interaction. To obtain the relic
density, this rate should be integrated in the Boltzmann
equation,

dY�

da
=

p
3MP

p
↵T

2

RH

a
2

✓
a

aRH

◆ 3

2

Rg(a) , (41)

7

FIG. 2. TRH vs �̃ satisfying ⌦�h
2 = 0.12 for m� = 102(red), 104 (orange), 107 (green), 1010 (blue), 1012 (purple) GeV. The

gray dashed line on the left panel shows the BBN bound on TRH. The cyan shaded region in the left panel is excluded by the
isocurvature constraint in Eq. (34). The right panel magnifies the range 10�2  �̃  50 of the left panel.

where the energy density of � is ⇢� = m�,e↵Y�/a
3. When

m
2

�,e↵
⌧ m

2

�
(and �̃ ⌧ 1), there is a simple analytic

solution [44], and the relic density can be approximated
by

⌦�h
2

0.12
' 8.6⇥ 106

HendTRHm�

GeVM
2

P

. (42)

This becomes comparable to the density given in
Eq. (39) only when m� ' 1.1 ⇥ 1013 GeV. Note that
the relic density from single graviton exchange is propor-
tional to m�, whereas the density from large-scale fluc-
tuations is inversely proportional to the mass squared.
Combining both sources of production, we see that there
is an additional an upper limit to TRH . 4.3 TeV. Thus,
in the absence of even a small (Planck-suppressed) cou-
pling of the spectator to the inflaton, the reheating tem-
perature is restricted to a range 0.004 < TRH/GeV <

4300, and the mass of the spectator is then restricted to
the range 7⇥109 < m�/GeV < 3⇥1013 (the upper limit
corresponding to the inflaton mass and hence kinematic
limit). As we will see, the gravitational strength cou-
pling, when included, greatly opens up the allowed range
for the reheating temperature and spectator mass.

The spectator field may begin oscillating after reheat-
ing (aosc > aRH corresponding to 3↵T 4

RH
> m

2

�
M

2

P
). We

refer to this as case IB. In this case, we can evolve ⇢�

directly from aosc to present time using

⇢�(a0) = ⇢�(aosc)

✓
aosc

a0

◆3

=
3

16⇡2
H

4

end

m
2

�

m2
�
+ ��

2

end

✓
g0

gosc

◆✓
T0

Tosc

◆3

'
3

16⇡2
H

4

end

(3↵)
3

4T
3

0

2
3

2M

3

2

P
m

3

2

�

✓
g0

gosc

◆
,

(43)

when a� < aRH < aosc and is independent of the reheat-
ing temperature. To obtain the last line of Eq. (43), we
used m

2

�,e↵
(aosc) ' m

2

�
= 9

4
H

2 = 3

4
↵T

4

osc
/M

2

P
.

The present fraction of critical density is then given by
Eq. (37)

⌦�h
2

0.12
= 1.1⇥ 107GeV�1

H
4

end

M

3

2

P
m

3

2

�

'

✓
4.3⇥ 1020 GeV

m�

◆ 3

2

, ��
2

end
⌧ m

2

�
.

(44)

It is then clear that the Universe is largely over-closed in
this case, as the condition ⌦h2 . 0.12 requiresm� > MP .
We do not consider this case any further.

B. Case II: ��
2

end � m
2

�

As � is increased, the dependence on m� in Eq. (35)
disappears (as long as m

2

�
⌧ ��

2

end
) and TRH increases.

As long as �̃ < 9/32, we maintain, aend < a� < aosc and
the relic density (39) becomes

⌦�h
2

0.12
' 2.5⇥ 107 GeV�1

H
4

end
TRH

M
2

P
��

2

end

' �̃
�1

TRH

25 TeV
.

(45)
Thus for a fixed relic density, we require an increase in
TRH ⇠ 25�̃ GeV as seen in Fig. 2. The curves depart from
being horizontal at low �̃ when �̃ ' m

2

�
/4H2

end
. They

then appear to merge (due to the log scale of the plot) as
TRH increases with �̃ almost independently of m�. This
behavior is very similar to Eq. (39), with �̃H

2

end
playing

the role of m2

�
.

For �̃ > 9/32, the spectator field begins to oscillate
while dominated by the e↵ective mass / �, until a = a�,

Choi, Garcia, Ke, 
Mambrini, Olive, 

Verner
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the scale factor a, a useful analytical form for ⇢� is not
available. Furthermore, as �̃ is increased, the e↵ective
mass of � increases, and eventually the particle produc-
tion processes are kinematically forbidden when inflation
ends. However, because the e↵ective mass depends on a,
as a increases, particle production is again kinematically
allowed. This e↵ect first occurs when �̃ ' 2.5 and is vis-
ible in the plot as a small change in slope at log �̃ ' 0.4.

We now see the full e↵ect of adding the interaction
term for �. In its absence, we are restricted to very
large scalar masses (1010 � 1013) GeV and very low
reheating temperatures (0.004 � 4300) GeV as seen in
the horizontal portions of the curves in the left panel
of Fig. 2. For non-negligible �̃  9/16, the reheating
temperature may be as large as the allowed maximum
= (3/↵)

1

4 (HIMP )
1

2 = 2.3 ⇥ 1015 GeV, where the maxi-
mal value is attained for low masses m� ' 50 GeV. At
�̃ = 9/16, the contribution of the large-scale fluctuations
is highly suppressed and the relic density is produced by
particle production from the inflaton condensate. The
inclusion of a coupling between the inflaton and the spec-
tator now allows for a wide range of masses and reheating
temperatures all satisfying ⌦�h

2 = 0.12.

In Fig. 4, we show the allowed parameter space for
�̃ � 9/16 in the (TRH,m�) plane. The curves correspond
to ⌦�h

2 = 0.12 for fixed values of �̃ as indicated. As
noted above, for �̃ � 9/16, the relic density is saturated
by the contribution from inflaton scattering. Here, we
see that the temperature is maximal at low masses and
that this maxiumum occurs at lowerm� as �̃ is increased.
The dotted line in Fig. 4 shows the result from [44] due
to inflaton scattering through single graviton exchange
(i.e., with �̃ = 0) neglecting the (dominant) contribu-
tion from large scale fluctuations. In this case there is
direct relation between m� and TRH as given in Eq. (42).
For masses lower than ⇠ 100 GeV, there are no solu-
tions that yield the correct relic density (smaller masses
and/or reheating temperatures give ⌦�h

2
< 0.12). As �̃

is increased, the lower limit on the mass decreases. For
example, for �̃ = 1, m� & 35 GeV, the maximal tem-
perature cannot be obtained as kinematic blocking due
to the large e↵ective mass prevents particle production,
and so the reheating temperature must be lower so that
aRH is large enough to allow a finite range of integration
in Eq. (41). In this case, m� & 10 GeV and the max-
imum reheating temperature is TRH ⇠ 1.1 ⇥ 1015. For
�̃ = 50, m� > 0.03 GeV and TRH ' 8 ⇥ 1014 GeV is
required to obtain ⌦�h

2 = 0.12.

Included in the solutions shown in Figs. 2 and 4, are
solutions corresponding to case IIA as well as other evo-
lutionary patterns. For completeness, we describe these
possibilities. When �̃ >

9

32
and �̃ > 3m2

�
M

2

P
/4↵T 4

RH
,

aosc < aRH < a� and we refer to this as case IIB. As be-
fore, for �̃ >

9

16
, aosc = aend (for smaller �̃ there is an ad-

ditional suppression that can be obtained from Eq. (17)).
However, when a� > aRH, the e↵ective mass after reheat-
ing quickly becomes equal to the bare mass as the infla-

σ�=0
σ�=9/16
σ�=1
σ�=5
σ�=10
σ�=50
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FIG. 4. The reheating temperature, TRH vs the bare mass,
m�, satisfying ⌦�h

2 = 0.12 for �̃ = 9

16
(black), 1 (purple),

5(blue), 10(red), 50(orange), 0(gray dashed). The line for
�̃ = 0 neglects the contribution from large-scale fluctuations
and corresponds to the result in [44]. For m� < m�,min, (cor-
responding to the endpoint of the lines) there is no TRH sat-
isfying ⌦�h

2 = 0.12.

ton decays. The spectator density can then be computed
using m

2

�
h�

2
i and allowing � to evolve as a�2A and pro-

viding a factor (aend/aRH)3/2. After reheating (or a > a�

which is only slightly larger than aRH) the density falls
as a

�3 providing the factor in Eq. (36). Putting all the
factors together, we arrive at

⌦�h
2

0.12
=

3.2⇥ 106H3

end
m

2

�
�

GeVMPTRH(m2
�
+ ��

2

end
)
. (50)

The evolution of ⇢� for this case with aosc < aRH < a�

is shown by the red curve in Fig. 3. Note that due to
inflaton decay, the value of a� is slightly larger than that
obtained from Eq. (18), though this is not used in the
numerical integration. The analytic result from Eq. (50)
gives very good agreement with the numerical result.

In this case, we must further distinguish an addi-
tional possibility. When m�,e↵ > 2H(aRH) oscillations
of � continue uninterrupted.9 This led to the solu-
tion given in Eq. (50). If, however, m�,e↵ is small and
m�,e↵ < 2H(aRH) after reheating, there will be a de-
lay in the oscillations of �, until aosc�2 when m�,e↵ =
2H(aosc�2). Relative to the previous result in Eq. (50),
there is a slight enhancement by a factor (aosc�2/aRH)3 =
(TRH/Tosc�2)3, where Tosc�2 is given by a similar expres-
sion used in Eq. (43), 4↵T 4

osc�2
= 3m2

�
M

2

P
. The result

is

⌦�h
2

0.12
=

5.7⇥ 107H3

end

p
m�T

2

RH
�

GeVM
5/2

P
(m2

�
+ ��

2

end
)
. (51)

9 As the Universe is radiation-dominated, the condition for oscil-
lations is m = 2H rather than m = 3H/2 as used earlier in the
matter-dominated era.

Ranges for mχ and TRH
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GeV
< 3⇥ 1013
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the scale factor a, a useful analytical form for ⇢� is not
available. Furthermore, as �̃ is increased, the e↵ective
mass of � increases, and eventually the particle produc-
tion processes are kinematically forbidden when inflation
ends. However, because the e↵ective mass depends on a,
as a increases, particle production is again kinematically
allowed. This e↵ect first occurs when �̃ ' 2.5 and is vis-
ible in the plot as a small change in slope at log �̃ ' 0.4.

We now see the full e↵ect of adding the interaction
term for �. In its absence, we are restricted to very
large scalar masses (1010 � 1013) GeV and very low
reheating temperatures (0.004 � 4300) GeV as seen in
the horizontal portions of the curves in the left panel
of Fig. 2. For non-negligible �̃  9/16, the reheating
temperature may be as large as the allowed maximum
= (3/↵)

1

4 (HIMP )
1

2 = 2.3 ⇥ 1015 GeV, where the maxi-
mal value is attained for low masses m� ' 50 GeV. At
�̃ = 9/16, the contribution of the large-scale fluctuations
is highly suppressed and the relic density is produced by
particle production from the inflaton condensate. The
inclusion of a coupling between the inflaton and the spec-
tator now allows for a wide range of masses and reheating
temperatures all satisfying ⌦�h

2 = 0.12.

In Fig. 4, we show the allowed parameter space for
�̃ � 9/16 in the (TRH,m�) plane. The curves correspond
to ⌦�h

2 = 0.12 for fixed values of �̃ as indicated. As
noted above, for �̃ � 9/16, the relic density is saturated
by the contribution from inflaton scattering. Here, we
see that the temperature is maximal at low masses and
that this maxiumum occurs at lowerm� as �̃ is increased.
The dotted line in Fig. 4 shows the result from [44] due
to inflaton scattering through single graviton exchange
(i.e., with �̃ = 0) neglecting the (dominant) contribu-
tion from large scale fluctuations. In this case there is
direct relation between m� and TRH as given in Eq. (42).
For masses lower than ⇠ 100 GeV, there are no solu-
tions that yield the correct relic density (smaller masses
and/or reheating temperatures give ⌦�h

2
< 0.12). As �̃

is increased, the lower limit on the mass decreases. For
example, for �̃ = 1, m� & 35 GeV, the maximal tem-
perature cannot be obtained as kinematic blocking due
to the large e↵ective mass prevents particle production,
and so the reheating temperature must be lower so that
aRH is large enough to allow a finite range of integration
in Eq. (41). In this case, m� & 10 GeV and the max-
imum reheating temperature is TRH ⇠ 1.1 ⇥ 1015. For
�̃ = 50, m� > 0.03 GeV and TRH ' 8 ⇥ 1014 GeV is
required to obtain ⌦�h

2 = 0.12.

Included in the solutions shown in Figs. 2 and 4, are
solutions corresponding to case IIA as well as other evo-
lutionary patterns. For completeness, we describe these
possibilities. When �̃ >

9

32
and �̃ > 3m2

�
M

2

P
/4↵T 4

RH
,

aosc < aRH < a� and we refer to this as case IIB. As be-
fore, for �̃ >

9

16
, aosc = aend (for smaller �̃ there is an ad-

ditional suppression that can be obtained from Eq. (17)).
However, when a� > aRH, the e↵ective mass after reheat-
ing quickly becomes equal to the bare mass as the infla-
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FIG. 4. The reheating temperature, TRH vs the bare mass,
m�, satisfying ⌦�h

2 = 0.12 for �̃ = 9

16
(black), 1 (purple),

5(blue), 10(red), 50(orange), 0(gray dashed). The line for
�̃ = 0 neglects the contribution from large-scale fluctuations
and corresponds to the result in [44]. For m� < m�,min, (cor-
responding to the endpoint of the lines) there is no TRH sat-
isfying ⌦�h

2 = 0.12.

ton decays. The spectator density can then be computed
using m

2

�
h�

2
i and allowing � to evolve as a�2A and pro-

viding a factor (aend/aRH)3/2. After reheating (or a > a�

which is only slightly larger than aRH) the density falls
as a

�3 providing the factor in Eq. (36). Putting all the
factors together, we arrive at

⌦�h
2

0.12
=

3.2⇥ 106H3

end
m

2

�
�

GeVMPTRH(m2
�
+ ��

2

end
)
. (50)

The evolution of ⇢� for this case with aosc < aRH < a�

is shown by the red curve in Fig. 3. Note that due to
inflaton decay, the value of a� is slightly larger than that
obtained from Eq. (18), though this is not used in the
numerical integration. The analytic result from Eq. (50)
gives very good agreement with the numerical result.

In this case, we must further distinguish an addi-
tional possibility. When m�,e↵ > 2H(aRH) oscillations
of � continue uninterrupted.9 This led to the solu-
tion given in Eq. (50). If, however, m�,e↵ is small and
m�,e↵ < 2H(aRH) after reheating, there will be a de-
lay in the oscillations of �, until aosc�2 when m�,e↵ =
2H(aosc�2). Relative to the previous result in Eq. (50),
there is a slight enhancement by a factor (aosc�2/aRH)3 =
(TRH/Tosc�2)3, where Tosc�2 is given by a similar expres-
sion used in Eq. (43), 4↵T 4

osc�2
= 3m2

�
M

2

P
. The result

is

⌦�h
2

0.12
=

5.7⇥ 107H3

end

p
m�T

2

RH
�

GeVM
5/2

P
(m2

�
+ ��

2

end
)
. (51)

9 As the Universe is radiation-dominated, the condition for oscil-
lations is m = 2H rather than m = 3H/2 as used earlier in the
matter-dominated era.

Ranges for mχ and TRH
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as |⇠h| . 1015 [17].1 Furthermore, the lower bound on ⇠h

comes from the fact that the Standard Model electroweak
vacuum may not be absolutely stable [18]. To prevent the
vacuum decay due to quantum fluctuations during infla-
tion [19], the effective mass of the Higgs field induced
by the non-minimal coupling must be large enough; this
gives ⇠h & 10�1 [20, 21] (see also [22]).2

The paper is organized as follows: The framework for
our computation is presented in Section II. We discuss
non-minimal gravitational couplings of the inflaton, the
Higgs boson, and a dark matter scalar in detail. We
calculate the dark matter production rates either from
scattering in the thermal bath or from oscillations in the
inflaton condensate. We compare similar processes ob-
tained from the minimal gravitational particle produc-
tion. We choose the Starobinsky model of inflation and
discuss the reheating epoch when the inflaton begins os-
cillating. In Section III we discuss the resulting abun-
dance of dark matter produced from the thermal bath
and directly from scattering of the inflaton condensate.
We also compute the effects of the non-minimal couplings
on the maximum temperature attained during reheating.
We then compare different processes in Section IV, before
summarizing our results in Section V.

II. THE FRAMEWORK

A. Scalar-gravity Lagrangian

The theory we consider comprises 3 scalar fields non-
minimally coupled to gravity: the inflaton �, the Higgs
field3

H, for which we adopt the Unitary gauge, H =
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Here MP = 2.4 ⇥ 1018 GeV is the reduced Planck mass,
and the tilde used in Eq. (2) indicates that the theory

1 Note that in the case of Higgs inflation, ⇠h is fixed from CMB
measurements [1].

2 This estimate assumes no new physics interfering the RG run-
ning of the Higgs self-coupling constant until inflationary energy
scales.

3 We consider the Higgs boson as a surrogate for any additional
scalars with Standard Model couplings.

4 The metric signature is chosen as (+,�,�,�).
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The inflaton mass, m�, is fixed by the amplitude of scalar
perturbations inferred from CMB measurements [23]; for
the potential (5) this gives m� = 3⇥ 1013 GeV [24].
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Here mh and �h are the Higgs mass and quartic coupling,
correspondingly. Note that both parameters undergo the
renormalization group (RG) running. In what follows we
take a weak scale mass, which is a good approximation
at the time of reheating and our results are insensitive to
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nient to remove the non-minimal couplings by performing
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Note that the scalar field kinetic term is not canonical.
In general, it is impossible to make a field redefinition
that would bring it to the canonical form, unless all three
non-minimal couplings vanish.5 For the theory (9) to be

5 Such a redefinition exists if the three-dimensional manifold
spanned by the fields �, h and X is flat. One can show that
it is not the case if at least one of the couplings is non-zero.
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well-defined, the kinetic function (10) must be positive-
definite. Computing the eigenvalues, one arrives at the
condition

⌦2
> 0 , (11)

which is satisfied automatically for positive values of the
couplings. Note that the negative couplings are also al-
lowed for certain scalar field magnitudes.

In what follows, we will be interested in the small-field
limit
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We can expand the kinetic and potential terms in the
action (9) in powers of M

�2

P . We obtain a canonical
kinetic term for the scalar fields and deduce the leading-
order interactions induced by the non-minimal couplings.
The latter can be brought to the form
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where the �
⇠
ij are functions of the couplings ⇠i, ⇠j , the

masses mi, mj , and the Mandelstam variables; see Ap-
pendix A for details.

The small-field approximation (12) implies the boundp
|⇠S | . MP /hSi with S = �, h,X. Since the inflaton

value at the end of inflation is �end ⇠ MP and afterwards
h�

2
i ⇠ a

�3, where a is the cosmological scale factor, then
|⇠�| . (a/aend)3. In particular, at the onset of inflaton
oscillations

|⇠�| . 1 . (14)

Note that since our calculations involve the effective cou-
plings �⇠

�X (�⇠
�h), which depend both on ⇠� and ⇠X (⇠h),

the relatively small value of |⇠�| can, in principle, be com-
pensated by a large value of the other couplings.

In Fig. 1, we show the scattering processes obtained
from the Lagrangian (13). These contribute to reheating
(when h is in the final state) and dark matter production
(when X is in the final state).

Finally, in evaluating the cosmological parameters, it
is important to stay within the validity of the low-energy
theory. The cutoff of the theory can be estimated as (see,
e.g., [25])

⇤ ⇠
MP

maxi |⇠i|
. (15)

In particular, the temperature of reheating must not ex-
ceed ⇤.

B. Graviton exchange

Let us first consider the case of vanishing ⇠�, h,X , i.e.,
the case of the minimal coupling of the scalar fields to

h/� X/h

�

h/� X/h

FIG. 1: Feynman diagram for the 4-point interactions
between the inflaton �, the dark matter scalar candidate X,
and the Higgs boson h, given by the Lagrangian (13).

gravity [5, 6, 13, 26–29]. It was argued in [5, 6] that the
interaction between the dark and visible sectors induced
by gravity leads to unavoidable contributions to reheat-
ing and dark matter production, in the thermal bath or
via the scattering of the inflaton condensate, through the
graviton exchange processes shown in Fig. 2. It is there-
fore important to compare the minimal gravitational par-
ticle production to similar processes obtained from the
Lagrangian in Eq. (13) with non-minimal couplings.

h/�

h/�

X/h

X/h

Tµ⌫
X/h

MP

Tµ⌫
h/�

MP
hµ⌫

FIG. 2: Feynman diagram for the (dark) matter production
through the gravitational scattering of the inflaton or the
Higgs boson from the thermal bath.

To study the universal gravitational interactions in
minimally coupled gravity, we expand the space-time
metric around flat space using gµ⌫ ' ⌘µ⌫ + 2hµ⌫/MP ,
where hµ⌫ is the canonically-normalized perturbation.
The gravitational interactions are characterized by the
following Lagrangian,
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⌘
, (16)

where the stress-energy tensor is given by
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Note that in this work, we consider only the Higgs field in
the visible sector. Generalization to the complete spec-
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(when h is in the final state) and dark matter production
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graviton exchange processes shown in Fig. 2. It is there-
fore important to compare the minimal gravitational par-
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and we can rewrite the above Lagrangian in terms of the
effective couplings as Eq. (13), with

�
⇠
hX =

1

4M2

P

⇥
⇠h(2m

2

X + s) + ⇠X(2m2

h + s)

+
�
12⇠X⇠h(m

2

h +m
2

X � t)
�⇤

, (74)

�
⇠
�X =

1

2M2

P

⇥
⇠�m

2

X + 12⇠�⇠Xm
2

� + 3⇠Xm
2

� + 2⇠�m
2

�

⇤
,

(75)

�
⇠
�h =

1

2M2

P

⇥
⇠�m

2

h + 12⇠�⇠hm
2

� + 3⇠hm
2

� + 2⇠�m
2

�

⇤
,

(76)
where s, t are the Mandelstam variables. The latter cou-
plings assume an inflaton condensate in the initial state
rather than a thermal Higgs in the initial state account-
ing for the lack of symmetry in the three couplings.

B. THERMAL PRODUCTION

In this appendix we calculate the thermal dark mat-
ter production rate R

T, ⇠
X (T ) arising from the effective

four-point interaction �hXh
2
X

2, where �hX is given by
Eq. (74). We also calculate the production rate R

T
X(T )

for the thermal scattering processes mediated by gravity
alone, SM SM ! X X, that are unavoidable in models
with a minimal coupling to gravity (⇠�,h,X = 0) [6, 31],
and compare the two results.

The production rate R
T, ⇠
X (T ) can be computed from

Eq. (21). The matrix element squared is given by

|M
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|
2 = 4�⇠ 2

hX , (77)

where in the limit where the Higgs boson mass is ne-
glected, the Mandelstam variables s and t are given by
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s =2E1E2 (1� cos ✓12) . (79)

We find the following coefficients for Eq. (23)
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Similarly, using Eqs. (18)-(20), we find the matrix ele-
ment squared for minimally coupled gravity:
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where we have neglected the Higgs field mass. We find
the coefficients:
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, (84)
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, (85)
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Note that when both contributions are kept, and we ne-
glect mh ⌧ mX , the full coefficients (including interfer-
ence) are given by
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which reduces to Eqs. (84-86) when all ⇠i = 0.
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n
T, ⇠
X (aRH) =

2�⇠
1

p
3↵2M

3

P

⇢
3/2
RH

(1� (aend/aRH)
5

2 )2
⇥

 
1 + 3

✓
aend

aRH

◆ 5

2

�
25

7

✓
aend

aRH

◆ 3

2

�
3

7

✓
aend

aRH

◆5
!

, (45)

where we integrated Eq. (44) in the interval aend < a <

aRH.
The relic abundance is given by [40]
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and if we combine it with Eq. (45), we obtain
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with
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where g0 = 43/11 and we use the Standard Model value
gRH = 427/4.

We observe that ⌦T, ⇠
X / �

⇠
1
T

3

RH
. Therefore large val-

ues of the couplings ⇠h and ⇠X would require a decrease
in the reheating temperature. In Section IV we compare
the scattering rates and the dark matter abundances with
the minimally coupled case.

B. � � ! X X

Another mode of dark matter production is through
the scattering of the inflaton itself. Whereas the graviton
exchange channel was treated with care in [5, 6], in the
case of non-minimal coupling it suffices to replace R
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in Eq. (44) with the production rate (27),
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and to integrate between aend and aRH, which leads to
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For aRH � aend, using Eq. (39) we can express n�, ⇠

X as a
function of ⇢end:
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and we find
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where we assumed the Starobinsky value for ⇢end. The
analogous expression for models with minimally coupled
gravity is found by replacing �

⇠
�X ! ��X .

Up to this point we have assumed that the radiation is
produced via the direct inflaton decay to a fermion pair.
In the next subsection we discuss an unavoidable radi-
ation production channel when the inflaton condensate
scattering produces Higgs bosons in models with mini-
mal and non-minimal coupling to gravity.

C. � � ! h h

Gravitational processes that produce dark matter can
also populate the thermal bath in the same way. Even if
this Planck-suppressed production mechanism does not
dominate throughout the entire reheating process, it was
shown in [6] that for TRH . 109 GeV it is graviton
exchange that dominates the production of the ther-
mal bath at the very beginning of the reheating, when
⇢� ⇠ ⇢end. In fact, it was shown that the maximal tem-
perature reached, Tmax, (which can be considered as an
absolute lower bound on Tmax) is Tmax ⇠ 1012 GeV. It is
therefore natural to determine the value of the couplings
(⇠�, ⇠h), for which non-minimal gravitational processes
generate the thermal bath at early times, and the max-
imal temperature which can be attained by these pro-
cesses.

Following the discussion in the previous subsection, to
compute the radiation energy density produced by grav-
itational couplings we implement the rate R

�, ⇠
h (30) into

the Friedmann equation (36)

d⇢R

dt
+ 4H⇢R ' Nh

�
⇠ 2

�h

8⇡

⇢
2

�

m
3

�

, (53)

where we took into account that each scattering corre-
sponds to an energy transfer of 2m�.8 The solution to

8 Or equivalently that each Higgs quanta carries an energy m�.
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FIG. 8: Region of parameter space respecting the relic
density constraint ⌦Xh2 = 0.12 in the plane (mX ,TRH) for
different values of ⇠� = ⇠h = ⇠X = ⇠ and ⇢end ' 0.175m2

�M
2

P

in the case of production from gravitational inflaton
scattering � � ! X X. Both minimal and non-minimal
contributions are taken into account.

V. CONCLUSIONS

In this paper, we have generalized the minimal grav-
itational interactions in the early Universe, i.e., the s-
channel exchange of a graviton, to include non-minimal
couplings of all scalars to the Ricci curvature R. We
consider a scalar sector Si consisting of the inflaton con-
densate �, the Higgs field H and a dark matter can-
didate X, and we have analyzed the impact of cou-
plings of the type ⇠iS

2

i R on the reheating process and
dark matter production. The latter can be generated
by the thermal Higgs scattering or excitations of the in-
flaton, both through minimal and non-minimal gravita-
tional couplings. Whereas the Higgs scattering through
the exchange of a graviton necessitates a very large re-
heating temperature and/or dark matter mass in order
to fulfill Planck CMB constraints (TRH ' 1014 GeV with
mX ' 109 GeV), for ⇠ & 0.1, the non-minimal cou-
pling dominates the process and alleviates the tension.
For ⇠ ' 1000, a dark matter mass of ⇠ 1 PeV with
TRH ' 1010 GeV will satisfy the constraint, see Fig. 7.
However, thermal production is not the sole source of
dark matter production through gravity. When we in-
clude the contribution (necessarily present) of the infla-
ton scattering, we showed that the energy stored in the
condensate at the end of inflation compensates largely
the reduced gravitational Planck coupling. These pro-
cesses yield the correct relic abundance through minimal
graviton exchange for a dark matter mass of ⇠ 108 GeV
with TRH ' 1010 GeV, and the constraint is satisfied for
a dark matter mass of ⇠ 100 GeV and TRH & 104 GeV
if one adds non-minimal couplings of the order ⇠ ' 100
as we show in Fig. 8. Gravitational inflaton scattering

also affects the reheating process, producing a maximum
temperature ' 1012 GeV with minimal couplings, reach-
ing as large as T

⇠
max

' 5|⇠|Tmax ' 1014 GeV for ⇠ = 100
as one can see in Fig. 5. This result can be re-expressed
as an upper limit to |⇠| given values of mX and TRH.

We can not over-emphasize that all of our results are
unavoidable, in the sense that they are purely gravita-
tional, and do not rely on physics beyond the Strandard
Mode. The relic density of dark matter, and maximum
temperature of the thermal bath computed here should
be considered as lower bounds, that should be imple-
mented in any extension of the Standard Model, what-
ever is its nature.

Note added : During the completion of the manuscript,
some overlapping results were presented in [41].
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APPENDIX

A. PARTICLE PRODUCTION WITH A
NON-MINIMAL COUPLING

The full Jordan frame action we consider is given by
Eq. (2). The conformal transformation to the Einstein
frame is given by

gµ⌫ = ⌦2
g̃µ⌫ , (71)

where gµ⌫ is the Einstein frame spacetime metric and the
conformal factor is expressed by Eq. (3). It can readily
be shown that the scalar curvature transforms as (see,
e.g., [42])

R̃ = ⌦2 [R+ 6gµ⌫rµr⌫ ln⌦� 6gµ⌫ (rµ ln⌦) (r⌫ ln⌦)] .
(72)

After eliminating the total divergence term, we find the
Einstein frame action (9).

To find the effective interaction terms we assume the
small field limit (12) and expand the conformal factors in

Non-minimal Gravitational Portals
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(�� ! hµ⌫ ! HH)
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For k>6, entire radiation bath can 
be produced when ξ > 0
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• Particle Production enhanced in the early phases of reheating 
when rates are proportional to Tn+6 with n > 6 (sensitive to 
Tmax rather than TRH).

• Gravitational portals determine a minimal particle production 
rate and a minimal maximum temperature during reheating.

• Large Scale fluctuations can provide a huge source for relic 
density - severely limiting the allowed ranges for m𝜒 and TRH

• Self-interactions or a gravitational coupling to the inflaton 
restores wide range of allowed masses and reheating 
temperatures 

Summary


