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Why Hydrogen Atoms ?

and the absorption rate (26), (26) for a detector of 106gram would be

(Rate 1s ! 3d)g =
⇣
mass of HI

106gram

⌘
⇥ 5.82⇥ 10�38

sec
�1

. (52)

It is a slow absorption rate, and the hydrogen detector that has the mass of the
Earth would provide the counting rate of 3.5 ⇥ 10�16 per second, that is, dozens of
gravitons per billions of years
A typical galaxy contains a vast amount of hydrogen, which is the most abundant
element.

Hydrogen in galaxies exists as a neutral atomic hydrogen HI, cold molecular hydro-
gen H2 in dense clouds and as a highly ionised HII hydrogen near hot stars.

The neutral atomic hydrogen HI presents a significant amount of the cold di↵used
medium that is filling much of the galaxies. The interstellar medium (ISM) makes up
roughly 5% galaxy’s total mass, and about 70% of that gas is hydrogen, and most of
the hydrogen atoms are in the ground state

[4]. Their mass can be4

M
H

gal
⇡ 1044gram, (53)

which amounts to
N1s = M

H

gal
NA ⇡ 1068 (54)

hydrogen atoms. The graviton luminosity of a typical galaxy Lgal can be obtained by
taking the luminosity Lg (49) times the average number of stars in galaxy. In that case
the graviton luminosity Lgal of a typical galaxy of hundred billions stars 1011 can be

Lgal ⇡ Lg ⇥ 1011 = 1.3⇥ 1026erg/sec. (55)

The observable universe contains an estimated 2⇥ 1011 galaxies and the gravitational
radiation generated by galaxies in space can be as large as

Lspace ⇡ 1011 ⇥ 1026erg/sec = 1036erg/sec. (56)

There are sources of thermal gravitons that are stronger than the Sun, namely hot
white dwarfs at the beginning of their lives and hot neutron stars. The graviton lumi-
nosities of a typical white dwarf and a typical neutron star are respectively 104 and
1010 times solar, thus for a typical white dwarf LWD = 104Lg and for a typical
neutron star LNS = 1010Lg [18], therefore the graviton luminosity can be between
1026 � 1036erg/sec. Their luminosities are roughly proportional to their central den-
sities. The lifetimes during which stars remain hot are shorter than the lifetime of

4
A typical galaxy has hundreds of billions of stars, and each star is primarily hydrogen. Individual stars

are composed of roughly 70-75% hydrogen by mass during their lifetime. A significant portion of hydrogen

exists in the form of interstellar gas clouds, which serve as the fuel for new star formation. Overall, the vast

majority of all ordinary matter in a typical galaxy is hydrogen.
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and Hydrogen is exactly integrable quantum mechanical system



Detecting Gravitons is a great challenge ! 

media there are giant halos containing a vast amount of hydrogen atoms [4, 5] and
due to the alternative sources of gravitational radiation [6–10].

The problem of measuring the graviton radiation was discussed in the literature
by Dyson [10] and other authors [11–16]. These investigations are mostly concerned
with a construction of sensitive ground-based detectors that would be able to cap-
ture gravitational waves and gravitons from the in-falling gravitational waves. Here,
instead, we suggest measuring the the ratios R� of the photon luminosities from the
vast amount of hydrogen atoms scattered in the interstellar and intergalactic space.

L
�
g

L
�
�

=
1.3⇥ 1015 erg

sec

3.8⇥ 1033 erg

sec

⇡ 10�19 (2)

Dg(1s ! 3d)

D�(1s ! 2p)
=

1.6⇥ 10�28 cm

gram

1.27⇥ 1020 cm

gram

⇡ 10�43 (3)

The article is organised as follows. In the second and the third sections we calculate
the spontaneous emission and absorption rates of gravitons by the hydrogen atoms.
The discussion of thermal graviton luminosity of a typical star and of a typical galaxy
is presented in the fourth section. In the fifth and sixth sections we define the ratio
R� that measures the photon luminosities. The ratio R� is defined in a way that
maximally exposes the fundamental di↵erence in the nature of photons and gravitons
- their helicity, which is h = 1 for the photons and h = 2 for the gravitons [17].
This di↵erence in their helicities is imprinted into the ratio of the Ly↵, Ly� and H↵

luminosities

R� =
L
�

32
+ L

�

21

L
�

31

. (4)

This ratio is based on the selection rules that prevents the absorption of particles of
helicity h = 2 to the second energy level of the hydrogen atoms Dg(1s ! 2p) = 0 and
radiate photons from the graviton excited 3d state to 1s state S�(3d ! 1s) = 0. The
graviton induced radiation is given by the ratio

�Rg =
L
g

32
+ L

g

21

L
�

31

(5)

and the graviton fraction is defined as

�Rg

R�

=
L
g

32
+ L

g

21

L
�

32
+ L

�

21

. (6)

The ratio is sensitive to any source of gravitons, and it is defined without any reference
to the origin and intensity of a possible source.
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Interaction of Gravitons with Hydrogen atoms
2 Graviton emission rates

Quadrupole gravitational radiation has the following form

d̄E
dt

=
G

45c5
...
Dij

...
Dij ,

where the quadrupole momentum tensor is

Dij =

Z
⇢(3xixj � �ij~x

2)dV

and ⇢ is the density of mass.

Quadrupole transition rate S of an electron m ! n is

(Transition Rate m ! n)g =
1

~!mn

d̄E
dt

=
G

45c5~!mn

|hn|
...
Dij |mi|2,

the time dependence of the wave functions ei!mnt for the S we will get

Sg(m ! n) =
2G!

5
mn

45~c5 |hn|Dij |mi|2,

where ~!mn = E
(m) � E

(n).

For the hydrogen atom the matrix elements h1s|Dij |1si = 0 vanish and the transi-
tion rate from the |2pi to the |1si state also vanishes: h2p|Dij |1si = 0. There is no
radiation of gravitons from n = 1 and n = 2 states. This is a consequence of the fact
that a massless graviton has the helicity h = 2 [17], and nonzero transitions can only
appear from the |3di state. The first nonzero radiation of gravitons appears from the
|3di to the |1si state and the corresponding matrix elements are defined as

h3dlz |Dij |1si = m

Z
R32Y2,lz (3xixi � �ijr

2)R10Y0,0 r
2
dr sin ✓d✓d� = Dlz (ij),

lz = 0,±1,±2 i, j = 1, 2, 3, (7)

and are given in the Appendix A. Using these matrix elements (A3) for the quadrupole
momentum one can obtain the spontaneous transition rate of gravitons from the |3di
to the |1si state:

Sg(3d ! 1s) =
6561

8192

Gm
2

~c
a
4
!
5
31

c4
. (8)

Substituting the value of the angular frequency !31

!31 =
4me

4

9~3 (9)
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to the |1si state:

Sg(3d ! 1s) =
6561

8192

Gm
2

~c
a
4
!
5
31

c4
. (7)

Substituting the value of the angular frequency !31

!31 =
4me

4

9~3 (8)

and the Bohr radius a into the above formula, we obtain

the spontaneous transition rate S:

Sg(3d ! 1s) =
1

36

Gm
2

~c

⇣
e
2

~c

⌘4⇣me
4

2~3
⌘
.

The first term is the mass of the electron in units of the Planck mass M2

Pl
= c~/G,

the second term is the electromagnetic fine-structure constant ↵ = e
2
/~c,

and the last term is the Rydberg constant divided by Planck constant.

It is a beautiful unification of gravity, electrodynamics and quantum mechanics in
one expression.

The numerical value of the spontaneous radiation rate of a graviton by a hydrogen
atom is

Sg(3d ! 1s) ⇡ 2.85⇥ 10�39
1

sec
.

This rate is very small and seems undetectable [10]. The life time of the 3d state due
to the graviton radiation will be

⌧ =
1

Sg(3d ! 1s)
⇡ 3.51⇥ 1038sec. (9)

The next nonzero radiation of gravitons can appear from the |4di to the |1si state.
These matrix elements are defined as in (A2). For the quadrupole momentum we
obtain spontaneous radiation rate of gravitons from |4di to |1si as

Sg(4d ! 1s) =
51539607552

152587890625

Gm
2

~c
a
4
!
5
41

c4
. (10)

Substituting the value of the Bohr radius and of the angular frequency

!41 =
15me

4

32~3 (11)

5

Spontaneous  emission of Gravitons by Hydrogen atoms

Weinberg 1965 



Gravitons vs  Photons 

to the |1si state:
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the life time of the 3d state due to the graviton radiation will be

⌧ =
1

Sg(3d ! 1s)
⇡ 3.51⇥ 1038sec.

The spontaneous transition rate for the photon is

S�(2p ! 1s) = 2
9

37

⇣
e
2

~c

⌘3⇣
me

4

2~3

⌘

and the life time of the 2p state due to the photon radiation is

⌧ =
1

S�(2p ! 1s)
⇡ 5.3⇥ 10�10

sec.

The next nonzero radiation of gravitons can appear from the |4di to the |1si state.
These matrix elements are defined as in (A2). For the quadrupole momentum we
obtain spontaneous radiation rate of gravitons from |4di to |1si as

Sg(4d ! 1s) =
51539607552

152587890625

Gm
2

~c
a
4
!
5
41

c4
. (9)
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Stimulated Absorption and Emission of Gravitons

The presents of copious amount of pristine HI gas was discovered by measurement
of the strong Ly↵ emission and absorption line in a large spectroscopic sample of
star-forming galaxies at z = 5.5� 13.4 observed with JWST.

3 Graviton absorption rates

The stimulated absorption of gravitons is

(Absorption rate of n ! m)g = Dg Ug(!)N(n),

where Dg is transition rate, Ug(!)d! is the energy density of gravitational radiation
and N(n) is the number of atoms in the state n.

The radiation probability is a sum of spontaneous transitions Sg and stimulated
emission of gravitons I:

(Total radiation rate of m ! n)g = S + I Ug(!)N(m).

The equation of the detailed balance at the equilibrium is

Dg Ug(!)N(n) = S + Ig Ug(!)N(m).

The energy density of the gravitational field follows the Planck distribution due to
the Bose statistics of the gas of gravitons:

Ug(!) =
~!3

⇡2c3

1

e
~!
kT � 1

, (21)

and the ratio of atoms in the states n and m is given by the Boltzmann distribution:

N(m)

N(n)
= e

� (E(m)�E(n)

kT = e
� ~!mn

kT . (22)

Substituting (21) and (22) into (21)

it follows that the expression for absorption Dg and stimulated emission Ig rates in
terms of the known spontaneous transition rate is:

Dg =
⇡
2
c
3

~!3
Sg, Ig = Dg.

8



it follows that the expression for absorption Dg and stimulated emission Ig rates in
terms of the known spontaneous transition rate is:

Dg =
⇡
2
c
3

~!3
Sg, Ig = Dg.

thus and the expression for the absorption rate of gravitons

Dg =
2⇡2

45

G!
2
mn

~2c2 |hn|Dij |mi|2.

As we discussed above the graviton helicity is h = ±2 [17] and there is no absorption
of gravitons to the n = 2 state because h2|Dij |1si = 0:

Dg(1s ! 2p) = 0. (20)

We can now obtain the expression for the absorption rates using the formulas (9), (11)
and (17) for S:

Dg(1s ! 3d) =
6561⇡2

8192

Gm
2

~c
a
4
!
2
31

~c . (21)

Substituting the angular frequency !31 from (8) and the Bohr radius a we will obtain
the absorption rate of gravitons:

Dg(1s ! 3d) =
81

512

G⇡
2

c2
. (22)

The value of this graviton absorption rate by a hydrogen atom is

Dg(1s ! 3d) ⇡ 1.16⇥ 10�28
cm

gram
(23)

and can be amplified proportionally to the number of hydrogen atoms N1s in the
interstellar and intergalactic clouds and to the spectral energy density Ug(!) of the
gravitational radiation:

(Rate 1s ! 3d)g =
81

512

G⇡
2

c2
N1s Ug(!31). (24)

The number of hydrogen atoms N1s in the |1si state in a container of 106 grams of
the hydrogen gas would contain N1s = 106NA atoms, where the Avogadro number is
NA = 6.0221⇥ 1023, and if in addition there is a nonzero energy density of gravitons
U(!31)d!, then the absorption rate would be

(Rate 1s ! 3d)g =
⇣

Ug(!31)

gram/cm sec

⌘⇣
mass of HI

106 gram

⌘
⇥ 6.98⇥ 102sec�1

. (25)
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it follows that the expression for absorption Dg and stimulated emission Ig rates in
terms of the known spontaneous transition rate is:

Dg =
⇡
2
c
3

~!3
Sg, Ig = Dg.

thus and the expression for the absorption rate of gravitons

Dg =
2⇡2

45

G!
2
mn

~2c2 |hn|Dij |mi|2.

As we discussed above the graviton helicity is h = ±2 [17] and there is no absorption
of gravitons to the n = 2 state because h2|Dij |1si = 0:

Dg(1s ! 2p) = 0. (20)

We can now obtain the expression for the absorption rates using the formulas (24),
(11) and (17) for S:

Dg(1s ! 3d) =
6561⇡2

8192

Gm
2

~c
a
4
!
2
31

~c . (21)

Substituting the angular frequency !31 from (8) and the Bohr radius a

we obtain the absorption rate of gravitons:

Dg(1s ! 3d) =
81

512

G⇡
2

c2
.

and it is
Dg(1s ! 3d) ⇡ 1.16⇥ 10�28

cm

gram

and can be amplified proportionally to the number of hydrogen atoms N1s in the
interstellar and intergalactic clouds and to the spectral energy density Ug(!) of the
gravitational radiation:

(Rate 1s ! 3d)g =
81

512

G⇡
2

c2
N1s Ug(!31). (22)

The number of hydrogen atoms N1s in the |1si state in a container of 106 grams of
the hydrogen gas would contain N1s = 106NA atoms, where the Avogadro number is
NA = 6.0221⇥ 1023, and if in addition there is a nonzero energy density of gravitons
U(!31)d!, then the absorption rate would be

(Rate 1s ! 3d)g =
⇣

Ug(!31)

gram/cm sec

⌘⇣
mass of HI

106 gram

⌘
⇥ 6.98⇥ 102sec�1

. (23)
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it follows that the expression for absorption Dg and stimulated emission Ig rates in
terms of the known spontaneous transition rate is:

Dg =
⇡
2
c
3

~!3
Sg, Ig = Dg.

thus and the expression for the absorption rate of gravitons

Dg =
2⇡2

45

G!
2
mn

~2c2 |hn|Dij |mi|2.

As we discussed above the graviton helicity is h = ±2 [17] and there is no absorption
of gravitons to the n = 2 state because h2|Dij |1si = 0:

Dg(1s ! 2p) = 0. (20)

We can now obtain the expression for the absorption rates using the formulas (26),
(11) and (17) for S:

Dg(1s ! 3d) =
6561⇡2

8192

Gm
2

~c
a
4
!
2
31

~c . (21)

Substituting the angular frequency !31 from (8) and the Bohr radius a

we obtain the absorption rate of gravitons:

Dg(1s ! 3d) =
81

512

G⇡
2

c2
.

and it is
Dg(1s ! 3d) ⇡ 1.16⇥ 10�28

cm

gram

The absorption rate of photons is

D�(1s ! 2p) = 2
17

310

⇣
e
2

~c

⌘�1⇣
⇡
2~

m2c

⌘
,

and has the following value:

D�(1s ! 2p) ⇡ 1.27⇥ 1020 cm

gram
, (22)

and can be amplified proportionally to the number of hydrogen atoms N1s in the
interstellar and intergalactic clouds and to the spectral energy density Ug(!) of the
gravitational radiation:

(Rate 1s ! 3d)g =
81

512

G⇡
2

c2
N1s Ug(!31). (23)
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media there are giant halos containing a vast amount of hydrogen atoms [4, 5] and
due to the alternative sources of gravitational radiation [6–10].

The problem of measuring the graviton radiation was discussed in the literature
by Dyson [10] and other authors [11–16]. These investigations are mostly concerned
with a construction of sensitive ground-based detectors that would be able to cap-
ture gravitational waves and gravitons from the in-falling gravitational waves. Here,
instead, we suggest measuring the the ratios R� of the photon luminosities from the
vast amount of hydrogen atoms scattered in the interstellar and intergalactic space.

L
�
g

L
�
�

=
1.3⇥ 1015 erg

sec

3.8⇥ 1033 erg

sec

⇡ 10�19 (2)

Dg(1s ! 3d)

D�(1s ! 2p)
=

1.6⇥ 10�28 cm

gram

1.27⇥ 1020 cm

gram

⇡ 10�43 (3)

The article is organised as follows. In the second and the third sections we calculate
the spontaneous emission and absorption rates of gravitons by the hydrogen atoms.
The discussion of thermal graviton luminosity of a typical star and of a typical galaxy
is presented in the fourth section. In the fifth and sixth sections we define the ratio
R� that measures the photon luminosities. The ratio R� is defined in a way that
maximally exposes the fundamental di↵erence in the nature of photons and gravitons
- their helicity, which is h = 1 for the photons and h = 2 for the gravitons [17].
This di↵erence in their helicities is imprinted into the ratio of the Ly↵, Ly� and H↵

luminosities

R� =
L
�

32
+ L

�

21

L
�

31

. (4)

This ratio is based on the selection rules that prevents the absorption of particles of
helicity h = 2 to the second energy level of the hydrogen atoms Dg(1s ! 2p) = 0 and
radiate photons from the graviton excited 3d state to 1s state S�(3d ! 1s) = 0. The
graviton induced radiation is given by the ratio

�Rg =
L
g

32
+ L

g

21

L
�

31

(5)

and the graviton fraction is defined as

�Rg

R�

=
L
g

32
+ L

g

21

L
�

32
+ L

�

21

. (6)

The ratio is sensitive to any source of gravitons, and it is defined without any reference
to the origin and intensity of a possible source.
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.
The absorption rate of gravitons can be amplified

it is proportional to the number of hydrogen atoms N1s

and to the spectral energy density Ug(!) of the gravitational radiation:

(Rate 1s ! 3d)g =
81

512

G⇡
2

c2
N1s Ug(!31). (23)

(24)

The number of hydrogen atoms N1s in the |1si state in a container of 106 grams of
the hydrogen gas would contain N1s = 106NA atoms, where the Avogadro number is
NA = 6.0221⇥ 1023, and if in addition there is a nonzero energy density of gravitons
U(!31)d!, then the absorption rate would be

(Rate 1s ! 3d)g =
⇣

Ug(!31)

gram/cm sec

⌘⇣
mass of HI

106 gram

⌘
⇥ 6.98⇥ 102sec�1

. (25)

The spontaneous radiation rate

Sg(3d ! 1s) =
1

36

Gm
2

~c

⇣
e
2

~c

⌘4⇣me
4

2~3
⌘
, (26)

has a fixed value independent of the environment and is of order Sg(3d ! 1s) ⇡
2.85⇥ 10�39 sec�1, while the total absorption rate (23) is amplified proportionally to
the number of hydrogen atoms N1s in an interstellar/intergalactic cloud and to the
spectral energy density Ug(!) of gravitons.

One can also obtain the expression for the absorption rate for the |1si to |4di by
using the formula (11) for S:

Dg(1s ! 4d) =
51539607552⇡2

152587890625

Gm
2

~c
a
4
!
2
41

~c . (27)

Substituting the angular frequency !41 (10) and the Bohr radius a we will obtain our
formula for the absorption rate of gravitons2:

Dg(1s ! 4d) =
452984832

6103515625

G⇡
2

c2
, (28)

2
The coe�cient in (28) is 2

24
3
3
/5

14
.
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Absorption of Gravitons by Hydrogen atoms

.
The absorption rate of gravitons can be amplified

it is proportional to the number of hydrogen atoms N1s

and to the spectral energy density Ug(!) of the gravitational radiation:

(Rate 1s ! 3d)g =
81

512

G⇡
2

c2
N1s Ug(!31).

The number of hydrogen atoms N1s in the |1si state in a container of 106 grams of
the hydrogen gas would contain N1s = 106NA atoms,

where the Avogadro number is NA = 6.0221⇥ 1023,

and with a nonzero energy density of gravitons U(!31)d! the absorption rate would be

(Rate 1s ! 3d)g =
⇣

Ug(!31)

gram/cm sec

⌘⇣
mass of HI

106 gram

⌘
⇥ 6.98⇥ 102sec�1

.

How much is the value of Ug(!31) in the Universe ?

How much is the number of neutral hydrogen HI in the Universe ?

The spontaneous radiation rate

Sg(3d ! 1s) =
1

36

Gm
2

~c

⇣
e
2

~c

⌘4⇣me
4

2~3
⌘
, (23)

has a fixed value independent of the environment and is of order Sg(3d ! 1s) ⇡
2.85⇥ 10�39 sec�1, while the total absorption rate (23) is amplified proportionally to
the number of hydrogen atoms N1s in an interstellar/intergalactic cloud and to the
spectral energy density Ug(!) of gravitons.

One can also obtain the expression for the absorption rate for the |1si to |4di by
using the formula (11) for S:

Dg(1s ! 4d) =
51539607552⇡2

152587890625

Gm
2

~c
a
4
!
2
41

~c . (24)
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we obtain the absorption rate of gravitons:

Dg(1s ! 3d) =
81

512

G⇡
2

c2
.

and it is
Dg(1s ! 3d) ⇡ 1.16⇥ 10�28

cm

gram

The absorption rate of photons is

D�(1s ! 2p) = 2
17

310

⇣
e
2

~c

⌘�1⇣
⇡
2~

m2c

⌘
,

and has the following value:

D�(1s ! 2p) ⇡ 1.27⇥ 1020 cm

gram
, (23)

.
The absorption rate of gravitons can be amplified

it is proportional to the number of hydrogen atoms N1s

and to the spectral energy density Ug(!) of the gravitational radiation:

(Rate 1s ! 3d)g =
81

512

G⇡
2

c2
N1s Ug(!31).

The number of hydrogen atoms N1s in the |1si state in a container of 106 grams of
the hydrogen gas would contain N1s = 106NA atoms,

where the Avogadro number is NA = 6.0221⇥ 1023,

and with a nonzero energy density of gravitons U(!31)d! the absorption rate would be

(Rate 1s ! 3d)g =
⇣

Ug(!31)

gram/cm sec

⌘⇣
mass of HI

106 gram

⌘
⇥ 69.8sec�1

.

How much is the value of Ug(!31) in the Universe ?
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Thermal graviton radiation by Sun and stars  

n=3

n=2

n=1

G γ

n=

Graviton absorptions

Lyman photon radiations

Balmer photon radiations

Absorption of Gravitons and Follow-up Spontaneous Radiation of Photons 

It is a slow rate absorption and the hydrogen detector which has the mass of the Earth will provide
the counting rate of 2.2� 10�15 per second, that is dozens of gravitons per billion years [3, 5, 6].
Therefore it seems natural to turn attention to the clouds of interstellar galactic hydrogen and to
their graviton absorption rates.

There are sources of thermal gravitons that are stronger than the Sun, namely hot white dwarfs
at the beginning of their lives, and hot neutron stars. The graviton luminosities of a typical white
dwarf and a typical neutron star to be respectively 104 and 1010 times solar [5]. Their luminosities
are roughly proportional to their central densities. The lifetimes during which the stars remain
hot are shorter than the lifetime of the Sun, being of the order of tens of millions of years for the
white dwarf and tens of thousands of years for the neutron star [5, 6].

The relic gravitons can also be created from zero-point quantum fluctuations in the course of
cosmological expansion with the estimated frequencies in the range 10�18Hz � � � 10�16Hz [33],
but these energies of gravitons are of too low to be absorbed by hydrogen.

5 Absorption of gravitons by interstellar galactic hydrogen
A typical galaxy contains a vast amount of hydrogen, which is the most abundant element. Hy-
drogen in galaxies exists as a neutral atomic hydrogen HI, cold molecular hydrogen H2 in dense
clouds and as a highly ionised HII hydrogen near hot stars. A neutral atomic hydrogen HI

presents a significant amount of cold di�used medium that is filling much of the galaxies. The
interstellar medium (ISM) makes up roughly 5% galaxy’s total mass and about 70% of that gas is
hydrogen, and most of the hydrogen atoms are in the ground, n = 1 state [34]. Its mass can be4

MH
gal � 1044gram, (5.58)

which amounts to �
Ngal = MH

gal NA � 1068 (5.59)

hydrogen atoms. The graviton luminosity of a typical galaxy Lgal can be obtained by taking the
Sun luminosity Lg (4.54) times the average number of stars in galaxy. In that case the graviton
luminosity Lgal of a typical galaxy of hundred billions stars 1011 can be

Lgal � Lg � 1011 = 8� 1025erg/sec. (5.60)

While for a typical white dwarf LWD = 104Lg and for a typical neutron star LNS = 1010Lg [5],
the graviton luminosity can be between (1025� 1035)erg/sec. The graviton radiation from galaxy

4A typical galaxy has hundreds of billions of stars, and each star is primarily hydrogen. Individual stars are
composed of roughly 70-75% hydrogen by mass during their lifetime. A significant portion of hydrogen exists in
the form of interstellar gas clouds, which serve as the fuel for new star formation. Overall, the vast majority of all
ordinary matter in a typical galaxy is hydrogen.
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Fig. 1 The figure demonstrates the absorption of gravitons G to the nd states and the follow-up

spontaneous radiation of photons �. There is no absorption of gravitons to the n = 2 state (21). The

graviton absorption wave lengths are in the UV region 91.2 nm  �g  102.5 nm and well overlap

with the spectrum of the graviton radiation of a star 1.88 nm < ��
g < 1884 nm (44).

However, we would like to stress that currently, the observational knowledge of the
background energy density of gravitons in di↵erent regions of the Universe is limited,
and here we will consider its value as an unknown quantity that should be determined
by independent astrophysical observations.

4 Graviton luminosity of stars

In the article [1]

Weinberg estimated the power of the thermal gravitational radiation generated by
the Sun (or a typical star) through the scattering of electrons and protons e

� $ e
�

and e
� $ p

+ in a completely ionised hydrogen plasma at the core of the Sun.

The thermal graviton frequencies form a continuum spectrum and the produced gravi-
ton energy per solid angle d⌦ and per unit frequency at frequency ! and direction
k/k is [1]:

dE

d⌦d!
=

G(~!)2
2⇡2c5

X

i,j

⌘i⌘j

(Pi · k)(Pj · k)
[(Pi · Pj)

2 � 1

2
(mic

2)2(mjc
2)2], (36)

where ⌘in = �1 for particles in the initial state, ⌘out = 1 for particles in the final
state and particles 4-momenta are Pi and Pj . For the nonrelativistic two-body elastic
scattering this reduces to

dE

d!
=

8Gµ
2

5⇡c5
v
4 sin2 ✓, (37)

where µ = m1m2/(m1 +m2) is the reduced mass, v is the relative velocity, and ✓ is
the scattering angle in the center-of-mass reference frame. For a plasma of completely
ionised hydrogen with electron-electron and electron-proton collisions (e� $ e

� and
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e
� $ p

+) the radiation power per unit volume and per unit frequency interval will be
[1]

dWg

d!
=

X

i,j

8Gµ
2

ij

5⇡c5
hv4

ij

Z
ninjvij

d�ij

d⌦
sin2 ✓d⌦i, (38)

where ni is the density of gas particles of type i and �ij is the Rutherford scattering
cross-section. The bracket h.....i denotes the average over all collisions. For a typical
star the emitted power per unit volume and per unit frequency interval is3

dWg

d!
=

64G~2
5c2

X

i,j

ninj

⇣ 2kT

⇡µijc
2

⌘1/2⇣ e2
i

~c

⌘⇣ e2
j

~c

⌘
log(1/✓0), (39)

where < vij >= 2
⇣

2kT

⇡µij

⌘1/2

is the velocity of particles in plasma. Thus for a plasma

of completely ionised hydrogen with electron-electron and electron-proton collisions
(39) gives [1]

dWg

d!
=

64G~2
5c2

n
2

e

⇣ 2kT

⇡mec
2

⌘1/2⇣ e2

~c

⌘2

log(1/✓0)
1+

p
2 (40)

in the units gram

sec2 cm
. The graviton radiation produced by the collisions occurring in a

gas (38), (39) and (40) is a sum of radiated energies per collision (37) provided that
there is enough time between collisions so that collisions don’t interfere, that is,

!c ⌧ !g ⌧ !T , (41)

where !c is the collision frequency of electrons [1]:

!c =
⇣
e
2

~c

⌘2⇣mec
2

kT

⌘3/2⇣~2ne

m2
e
c

⌘
, (42)

and !T = kT/~ is the thermal frequency. The spectral energy density is approximately

Ug ⇡ dWg

!cd!
=

64Gm
2

5c

⇣
kT

mec
2

⌘2

ne

⇣
⇡

2

⌘1/2

log(1/✓0)
1+

p
2
. (43)

Applying these formulas to the hydrogen plasma in the solar core of volume V� ⇡
2 ⇥ 1031 cm

3, plasma temperature T� ⇡ 107K, electron density ne ⇡ 3 ⇥ 1025cm�3

and log(1/✓0) ⇡ 10, one can obtain the radiation frequency interval 4!g:

!c = 1015 sec�1
< !g < !T = 1018 sec�1

,

1.88 nm < �g < 1884 nm. (44)

The energies of gravitons "g = ~!g are in the following energy interval:

0.66eV < "g < 658.26eV. (45)

3
The integral over ✓ must be cut o↵ at a minimum angle ✓0 ⌧ 1 determined by Debye screening of the

Coulomb force at large impact parameter [1]. Typically log(1/✓0) is of order 10.
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where ni is the density of gas particles of type i and �ij is the Rutherford scattering
cross-section. The bracket h.....i denotes the average over all collisions. For a typical
star the emitted power per unit volume and per unit frequency interval is3
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⌘
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. The graviton radiation produced by the collisions occurring in a

gas (38), (39) and (40) is a sum of radiated energies per collision (37) provided that
there is enough time between collisions so that collisions don’t interfere, that is,
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where !c is the collision frequency of electrons [1]:
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2
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e
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⌘
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⇣
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2
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p
2
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Applying these formulas to the hydrogen plasma in the solar core of volume V� ⇡
2 ⇥ 1031 cm

3, plasma temperature T� ⇡ 107K, electron density ne ⇡ 3 ⇥ 1025cm�3

and log(1/✓0) ⇡ 10, one can obtain the radiation frequency interval 4!g:

!c = 1015 sec�1
< !g < !T = 1018 sec�1

,

1.88 nm < �g < 1884 nm. (44)

The energies of gravitons "g = ~!g are in the following energy interval:

0.66eV < "g < 658.26eV. (45)

3
The integral over ✓ must be cut o↵ at a minimum angle ✓0 ⌧ 1 determined by Debye screening of the

Coulomb force at large impact parameter [1]. Typically log(1/✓0) is of order 10.
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The total power produced by the radiation of gravitons is a product of (40) and
V�4!g. Thus the graviton luminosity of the Sun is [2, 18]

Lg ⇡ 8⇥ 1014erg/sec, (46)

or about 1024 gravitons per second with energy in the keV range (45). A recent analysis
shows that [3]

Lg ⇡ 1.3⇥ 1015erg/sec. (47)

This comprehensive analysis of the gravitational emission of the Sun demonstrated
that the partial contributions consist of: 25% for photoproduction, 33%for ee

bremsstrahlung, 24% for ep bremsstrahlung, 17% for eHe bremsstrahlung, with the
rest attributed to the hydrodynamical contribution.

This luminosity provides the energy density of gravitons on the surface of the
Earth:

wg =
Lg

4⇡z2c
⇡ 1.53⇥ 10�23

erg

cm3
, (48)

where z is the distance from the Sun. The spectral density within the hydrogen
absorption spectral lines will be approximately

U =
wg

4!HI

⇡ 8.33⇥ 10�40
g

cm sec
, (49)

and the absorption rate (24), (24) for a detector of 106gram would be

(Rate 1s ! 3d)g =
⇣
mass of HI

106gram

⌘
⇥ 5.82⇥ 10�38

sec
�1

. (50)

It is a slow absorption rate, and the hydrogen detector that has the mass of the Earth
would provide the counting rate of 3.5⇥10�16 per second, that is, dozens of gravitons
per billions of years [1, 10, 18].

A typical galaxy contains a vast amount of hydrogen, which is the most abundant
element. Hydrogen in galaxies exists as a neutral atomic hydrogen HI, cold molecular
hydrogen H2 in dense clouds and as a highly ionised HII hydrogen near hot stars.
The neutral atomic hydrogen HI presents a significant amount of the cold di↵used
medium that is filling much of the galaxies. The interstellar medium (ISM) makes up
roughly 5% galaxy’s total mass, and about 70% of that gas is hydrogen, and most of
the hydrogen atoms are in the ground state [4]. Their mass can be4

M
H

gal
⇡ 1044gram, (51)

which amounts to
N1s = M

H

gal
NA ⇡ 1068 (52)

4
A typical galaxy has hundreds of billions of stars, and each star is primarily hydrogen. Individual stars

are composed of roughly 70-75% hydrogen by mass during their lifetime. A significant portion of hydrogen

exists in the form of interstellar gas clouds, which serve as the fuel for new star formation. Overall, the vast

majority of all ordinary matter in a typical galaxy is hydrogen.
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and is of order 5.74 ⇥ 10�47 erg

sec
. The electron orbiting a proton will continuously

radiate gravitational waves and would spiral into the nucleus with a fall time

1

T
=

d̄E
dt

Ryd
=

64

5

Gm
2

~c

⇣
e
2

~c

⌘6⇣ mc
2

~

⌘

of order T ⇡ 3.8 ⇥ 1035sec. This time is larger than the Hubble time, but still is
nonzero. The quantum-mechanical quadrupole transition rate is (8):

(Transition Rate m ! n)g =
2G!

5
mn

45~c5 |hn|Dij |mi|2

and the matrix elements for the states |ni = |mi = |1si vanish:

h1s|Dij |1si = m

Z
R

2

10
Y

2

0,0
(3xixi � �ijr

2)r2dr sin ✓d✓d� = 0, i, j = 1, 2, 3,

and the state |1si of the hydrogen atom is stable against the gravitational radiation.
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The total power produced by the radiation of gravitons is a product of (40) and
V�4!g. Thus the graviton luminosity of the Sun is [2, 18]

Lg ⇡ 8⇥ 1014erg/sec, (46)

or about 1024 gravitons per second with energy in the keV range (45). A recent analysis
shows that [3]

Lg ⇡ 1.3⇥ 1015erg/sec. (47)

This comprehensive analysis of the gravitational emission of the Sun demonstrated
that the partial contributions consist of: 25% for photoproduction, 33%for ee

bremsstrahlung, 24% for ep bremsstrahlung, 17% for eHe bremsstrahlung, with the
rest attributed to the hydrodynamical contribution.

This luminosity provides the energy density of gravitons on the surface of the
Earth:

wg =
Lg

4⇡z2c
⇡ 1.53⇥ 10�23

erg

cm3
, (48)

where z is the distance from the Sun. The spectral density within the hydrogen
absorption spectral lines will be approximately

U =
wg

4!HI

⇡ 8.33⇥ 10�40
g

cm sec
, (49)

and the absorption rate (24), (24) for a detector of 106gram would be

(Rate 1s ! 3d)g =
⇣
mass of HI

106gram

⌘
⇥ 5.82⇥ 10�38

sec
�1

. (50)

It is a slow absorption rate, and the hydrogen detector that has the mass of the Earth
would provide the counting rate of 3.5⇥10�16 per second, that is, dozens of gravitons
per billions of years [1, 10, 18].

A typical galaxy contains a vast amount of hydrogen, which is the most abundant
element. Hydrogen in galaxies exists as a neutral atomic hydrogen HI, cold molecular
hydrogen H2 in dense clouds and as a highly ionised HII hydrogen near hot stars.
The neutral atomic hydrogen HI presents a significant amount of the cold di↵used
medium that is filling much of the galaxies. The interstellar medium (ISM) makes up
roughly 5% galaxy’s total mass, and about 70% of that gas is hydrogen, and most of
the hydrogen atoms are in the ground state [4]. Their mass can be4

M
H

gal
⇡ 1044gram, (51)

which amounts to
N1s = M

H

gal
NA ⇡ 1068 (52)

4
A typical galaxy has hundreds of billions of stars, and each star is primarily hydrogen. Individual stars

are composed of roughly 70-75% hydrogen by mass during their lifetime. A significant portion of hydrogen

exists in the form of interstellar gas clouds, which serve as the fuel for new star formation. Overall, the vast

majority of all ordinary matter in a typical galaxy is hydrogen.
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The high-temperature plasma in the solar interior generates stochastic gravitational waves (GWs).
Due to its significance as the primary source of high-frequency GWs in the solar system, we reexam-
ine this phenomenon highlighting some physical processes, including the contribution of macroscopic
hydrodynamic fluctuations. Our analysis builds upon several studies of axion emission from the Sun,
particularly in relation to the treatment of plasma e↵ects. The resulting GW spectrum is compa-
rable to many well-motivated early Universe signals, yet orders of magnitude below the current
sensitivities of axion helioscopes such as (Baby)IAXO.

Introduction. While current observational e↵orts [1–
6] to detect gravitational waves (GWs) have predomi-
nantly focused on frequencies below a few kHz, a grow-
ing community is seriously considering higher frequencies
with the hope of detecting Early Universe signals [7].
This prompts the question of identifying GW back-
grounds associated with the Standard Model (SM) at this
frequency range. The dominant source of such GWs is
the Sun.

A seminal work by Weinberg [8] estimated a total
power of approximately 6 ⇥ 107 W. Although this fig-
ure turns out to be an excellent approximation (we find
1.3 ⇥ 108 W), his spectrum was calculated only for soft
gravitons from proton and electron collisions and ne-
glected radial dependences –particularly of plasma ef-
fects [9, 10]– as well as additional contributions such as
that of photoproduction [11, 12]. Employing a state-of-
the-art solar model, we revisit the computation of the
solar GW spectrum. For this we rely on several studies
of axion emission from the Sun and show that they can
be adapted to solar GWs, particularly those related to
the treatment of plasma e↵ects. Additionally, we point
out the contribution from hydrodynamical fluctuations,
previously overlooked, but essential for completing the
spectrum in its low-frequency range. Our prediction of
the complete solar GW power spectrum is summarized
in Fig. 1.

We organize the discussion as follows. We start by
reviewing properties of the solar plasma that will be rel-
evant throughout, then we compile all the contributions
to the GW spectrum of the Sun and clarify what has
been omitted in the literature. Subsequently, we discuss
implications for axion helioscopes. In the Supplemen-
tal Material we provide the details of our calculations.
Throughout we adopt Heaviside units, take ~ = c = 1,
and utilize the Minkowski metric ⌘µ⌫ = diag(+���).

The solar plasma. We model the Sun as a non-
relativistic plasma composed of electrons (e) and nucle-
ons (Z) following a Maxwell-Boltzmann distribution. We
take the corresponding temperature and number density
distributions from the B16-GS98 Solar model [13], and
estimate the electron density assuming full ionization.
Elements heavier than Helium are negligible and are ex-
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FIG. 1. GW power per unit logarithmic frequency, orig-
inating from the solar thermal plasma as a function of the
frequency, ! = 2⇡f .

cluded from the analysis.
GWs originate through microscopic and macroscopic

mechanisms, respectively corresponding to particle col-
lisions emitting one graviton, h, [14] and GW emission
sourced by hydrodynamic fluctuations. The former cor-
responds to frequencies much larger than that of colli-
sions in the solar plasma, so that there is su�cient time
for them not to interfere with each other [15]. Below
all collision frequencies of the plasma, fluctuations are
large compared with the characteristic microscopic di-
mensions, allowing a hydrodynamical approach to calcu-
late GW emission [16, 17].
The estimation of the collision frequencies for each

species, !(i)
c , is therefore of utmost importance for this

work. By following the approach detailed next, we ob-
tain the results presented in Fig. 2. We first calculate the
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and is of order 5.74 ⇥ 10�47 erg

sec
. The electron orbiting a proton will continuously

radiate gravitational waves and would spiral into the nucleus with a fall time

1

T
=

d̄E
dt

Ryd
=

64

5

Gm
2

~c

⇣
e
2

~c

⌘6⇣ mc
2

~

⌘

of order T ⇡ 3.8 ⇥ 1035sec. This time is larger than the Hubble time, but still is
nonzero. The quantum-mechanical quadrupole transition rate is (8):

(Transition Rate m ! n)g =
2G!

5
mn

45~c5 |hn|Dij |mi|2

and the matrix elements for the states |ni = |mi = |1si vanish:

h1s|Dij |1si = m

Z
R

2

10
Y

2

0,0
(3xixi � �ijr

2)r2dr sin ✓d✓d� = 0, i, j = 1, 2, 3,

and the state |1si of the hydrogen atom is stable against the gravitational radiation.
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Applying these formulas to the hydrogen plasma in the solar core of volume V� ⇡
2 ⇥ 1031 cm

3, plasma temperature T� ⇡ 107K, electron density ne ⇡ 3 ⇥ 1025cm�3

and log(1/✓0) ⇡ 10, one can obtain the radiation frequency interval 4!g:

!c = 1015 sec�1
< !g < !T = 1018 sec�1

,

1.88 nm < �g < 1884 nm. (46)

The energies of gravitons "g = ~!g are in the following energy interval:

0.66eV < "g < 658.26eV. (47)

The total power produced by the radiation of gravitons is a product of (42) and
V�4!g. Thus the graviton luminosity of the Sun is [2, 18]

Lg ⇡ 8⇥ 1014erg/sec, (48)

or about 1024 gravitons per second with energy in the keV range (47). A recent analysis
shows that [3]

Lg ⇡ 1.3⇥ 1015erg/sec. (49)

This comprehensive analysis of the gravitational emission of the Sun demonstrated
that the partial contributions consist of: 25% for photoproduction, 33%for ee

bremsstrahlung, 24% for ep bremsstrahlung, 17% for eHe bremsstrahlung, with the
rest attributed to the hydrodynamical contribution.

This luminosity provides the energy density of gravitons on the surface of the
Earth:

wg =
Lg

4⇡z2c
⇡ 1.53⇥ 10�23

erg

cm3
, (50)

where z is the distance from the Sun. The spectral density within the hydrogen
absorption spectral lines will be approximately

U =
wg

4!HI

⇡ 8.33⇥ 10�40
g

cm sec
, (51)

and the absorption rate (26), (26) for a detector of 106gram would be

(Rate 1s ! 3d)g =
⇣
mass of HI

106gram

⌘
⇥ 5.82⇥ 10�38

sec
�1

. (52)

It is a slow absorption rate, and the hydrogen detector that has the mass of the Earth
would provide the counting rate of 3.5⇥10�16 per second, that is, dozens of gravitons
per billions of years [1, 10, 18].

A typical galaxy contains a vast amount of hydrogen, which is the most abundant
element. Hydrogen in galaxies exists as a neutral atomic hydrogen HI, cold molecular
hydrogen H2 in dense clouds and as a highly ionised HII hydrogen near hot stars.
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Neutral hydrogen HI in Intergalactic  space media there are giant halos containing a vast amount of hydrogen atoms [4, 5] and
due to the alternative sources of gravitational radiation [6–10].
The problem of measuring the graviton radiation was discussed in the literature by
Dyson and other authors. These investigations are mostly concerned with a construc-
tion of sensitive ground-based detectors that would be able to capture gravitational
waves and gravitons from the in-falling gravitational waves.

Here, instead, we suggest measuring the the ratios R� of the photon luminosities
from the vast amount of hydrogen atoms scattered in the interstellar and intergalactic
space.

L
�
g

L
�
�

=
1.3⇥ 1015 erg

sec

3.8⇥ 1033 erg

sec

⇡ 10�19 (2)

Dg(1s ! 3d)

D�(1s ! 2p)
=

1.6⇥ 10�28 cm

gram

1.27⇥ 1020 cm

gram

⇡ 10�43 (3)

The article is organised as follows. In the second and the third sections we calculate
the spontaneous emission and absorption rates of gravitons by the hydrogen atoms.
The discussion of thermal graviton luminosity of a typical star and of a typical galaxy
is presented in the fourth section. In the fifth and sixth sections we define the ratio
R� that measures the photon luminosities. The ratio R� is defined in a way that
maximally exposes the fundamental di↵erence in the nature of photons and gravitons
- their helicity, which is h = 1 for the photons and h = 2 for the gravitons [17].
This di↵erence in their helicities is imprinted into the ratio of the Ly↵, Ly� and H↵

luminosities

R� =
L
�

32
+ L

�

21

L
�

31

. (4)

This ratio is based on the selection rules that prevents the absorption of particles of
helicity h = 2 to the second energy level of the hydrogen atoms Dg(1s ! 2p) = 0 and
radiate photons from the graviton excited 3d state to 1s state S�(3d ! 1s) = 0. The
graviton induced radiation is given by the ratio

�Rg =
L
g

32
+ L

g

21
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�

31

(5)

and the graviton fraction is defined as

�Rg
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. (6)

The ratio is sensitive to any source of gravitons, and it is defined without any reference
to the origin and intensity of a possible source.
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.
The absorption rate of gravitons can be amplified

it is proportional to the number of hydrogen atoms N1s

and to the spectral energy density Ug(!) of the gravitational radiation:

(Rate 1s ! 3d)g =
81

512

G⇡
2

c2
N1s Ug(!31).

The number of hydrogen atoms N1s in the |1si state in a container of 106 grams of
the hydrogen gas would contain N1s = 106NA atoms,

where the Avogadro number is NA = 6.0221⇥ 1023,

and with a nonzero energy density of gravitons U(!31)d! the absorption rate would be

(Rate 1s ! 3d)g =
⇣

Ug(!31)

gram/cm sec

⌘⇣
mass of HI

106 gram

⌘
⇥ 6.98⇥ 102sec�1

.

How much is the value of Ug(!31) in the Universe ?

How much is the number of neutral hydrogen HI in the Universe ?

The spontaneous radiation rate

Sg(3d ! 1s) =
1

36

Gm
2

~c

⇣
e
2

~c

⌘4⇣me
4

2~3
⌘
, (23)

has a fixed value independent of the environment and is of order Sg(3d ! 1s) ⇡
2.85⇥ 10�39 sec�1, while the total absorption rate (23) is amplified proportionally to
the number of hydrogen atoms N1s in an interstellar/intergalactic cloud and to the
spectral energy density Ug(!) of gravitons.

One can also obtain the expression for the absorption rate for the |1si to |4di by
using the formula (11) for S:

Dg(1s ! 4d) =
51539607552⇡2

152587890625

Gm
2

~c
a
4
!
2
41

~c . (24)
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Absorption of Gravitons by Hydrogen atoms
gravitational radiation has the following form [26, 27]:

d̄E
dt

=
G

45c5
...
Dij

...
Dij ,

where the quadrupole momentum tensor is Dij =
R
⇢(3xixj � �ij~x

2)dV and ⇢ is the
density of mass. For the circular motion of the electron of mass m interacting with a
proton through the Coulomb force one can get: d̄E

dt
= 32G m

2
a
4
!

6

5c5
, where a = ~2/me

2

and !
2 = e

2
/ma

3. The intensity of radiation energy is

d̄E
dt

=
64

5

Gm
2

~c

⇣
e
2

~c

⌘6⇣me
4

2~2
⌘⇣

mc
2

~

⌘

and is of order 5.74 ⇥ 10�47 erg

sec
. The electron orbiting a proton will continuously

radiate gravitational waves and would spiral into the nucleus with a fall time

1

T
=

d̄E
dt

Ryd
=

64

5

Gm
2

~c

⇣
e
2

~c

⌘6⇣ mc
2

~

⌘

of order T ⇡ 3.8 ⇥ 1035sec. This time is larger than the Hubble time, but still is
nonzero. The quantum-mechanical quadrupole transition rate is (10):

(Transition Rate m ! n)g =
2G!

5
mn

45~c5 |hn|Dij |mi|2

and the matrix elements for the states |ni = |mi = |1si vanish:

h1s|Dij |1si = m

Z
R

2

10
Y

2

0,0
(3xixi � �ijr

2)r2dr sin ✓d✓d� = 0, i, j = 1, 2, 3,

and the state |1si of the hydrogen atom is stable against the gravitational radiation.
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Absorption of Gravitons and Follow-up Spontaneous Radiation of Photons 

It is a slow rate absorption and the hydrogen detector which has the mass of the Earth will provide
the counting rate of 2.2� 10�15 per second, that is dozens of gravitons per billion years [3, 5, 6].
Therefore it seems natural to turn attention to the clouds of interstellar galactic hydrogen and to
their graviton absorption rates.

There are sources of thermal gravitons that are stronger than the Sun, namely hot white dwarfs
at the beginning of their lives, and hot neutron stars. The graviton luminosities of a typical white
dwarf and a typical neutron star to be respectively 104 and 1010 times solar [5]. Their luminosities
are roughly proportional to their central densities. The lifetimes during which the stars remain
hot are shorter than the lifetime of the Sun, being of the order of tens of millions of years for the
white dwarf and tens of thousands of years for the neutron star [5, 6].

The relic gravitons can also be created from zero-point quantum fluctuations in the course of
cosmological expansion with the estimated frequencies in the range 10�18Hz � � � 10�16Hz [33],
but these energies of gravitons are of too low to be absorbed by hydrogen.

5 Absorption of gravitons by interstellar galactic hydrogen
A typical galaxy contains a vast amount of hydrogen, which is the most abundant element. Hy-
drogen in galaxies exists as a neutral atomic hydrogen HI, cold molecular hydrogen H2 in dense
clouds and as a highly ionised HII hydrogen near hot stars. A neutral atomic hydrogen HI

presents a significant amount of cold di�used medium that is filling much of the galaxies. The
interstellar medium (ISM) makes up roughly 5% galaxy’s total mass and about 70% of that gas is
hydrogen, and most of the hydrogen atoms are in the ground, n = 1 state [34]. Its mass can be4

MH
gal � 1044gram, (5.58)

which amounts to �
Ngal = MH

gal NA � 1068 (5.59)

hydrogen atoms. The graviton luminosity of a typical galaxy Lgal can be obtained by taking the
Sun luminosity Lg (4.54) times the average number of stars in galaxy. In that case the graviton
luminosity Lgal of a typical galaxy of hundred billions stars 1011 can be

Lgal � Lg � 1011 = 8� 1025erg/sec. (5.60)

While for a typical white dwarf LWD = 104Lg and for a typical neutron star LNS = 1010Lg [5],
the graviton luminosity can be between (1025� 1035)erg/sec. The graviton radiation from galaxy

4A typical galaxy has hundreds of billions of stars, and each star is primarily hydrogen. Individual stars are
composed of roughly 70-75% hydrogen by mass during their lifetime. A significant portion of hydrogen exists in
the form of interstellar gas clouds, which serve as the fuel for new star formation. Overall, the vast majority of all
ordinary matter in a typical galaxy is hydrogen.
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Fig. 1 The figure demonstrates the absorption of gravitons G to the nd states and the follow-up

spontaneous radiation of photons �. There is no absorption of gravitons to the n = 2 state (23). The

graviton absorption wave lengths are in the UV region 91.2 nm  �g  102.5 nm and well overlap

with the spectrum of the graviton radiation of a star 1.88 nm < ��
g < 1884 nm (46).

The unknown quantity in these formulas (26), (30) and (37) is the spectral energy
density of gravitons Ug(!n1)d! at the angular frequencies 1.84 ⇥ 1016sec�1  !n1 
2.1 ⇥ 1016sec�1 (corresponding to the wave lengths 91.2 nm  �n1  102.5 nm).
We will analyse possible sources of the gravitational radiation and will estimate the
corresponding luminosity of gravitons in the next two sections. It appears that the
graviton luminosity of a typical star is in the eV � keV range [1, 3, 18] and overlaps
with the absorption spectrum of the hydrogen atom.

However, we would like to stress that
Currently, the observational knowledge of the background energy density of gravitons
in di↵erent regions of the Universe is limited, and here we will consider its value
as an unknown quantity that should be determined by independent astrophysical
observations.

4 Graviton luminosity of stars

In the article [1]

Weinberg estimated the power of the thermal gravitational radiation generated by
the Sun (or a typical star) through the scattering of electrons and protons e

� $ e
�

and e
� $ p

+ in a completely ionised hydrogen plasma at the core of the Sun.

The thermal graviton frequencies form a continuum spectrum and the produced gravi-
ton energy per solid angle d⌦ and per unit frequency at frequency ! and direction

12
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Absorption of gravitons and photons and Follow-up Spontaneous Radiation of Photons
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the counting rate of 2.2� 10�15 per second, that is dozens of gravitons per billion years [3, 5, 6].
Therefore it seems natural to turn attention to the clouds of interstellar galactic hydrogen and to
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white dwarf and tens of thousands of years for the neutron star [5, 6].

The relic gravitons can also be created from zero-point quantum fluctuations in the course of
cosmological expansion with the estimated frequencies in the range 10�18Hz � � � 10�16Hz [33],
but these energies of gravitons are of too low to be absorbed by hydrogen.
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A typical galaxy contains a vast amount of hydrogen, which is the most abundant element. Hy-
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While for a typical white dwarf LWD = 104Lg and for a typical neutron star LNS = 1010Lg [5],
the graviton luminosity can be between (1025� 1035)erg/sec. The graviton radiation from galaxy

4A typical galaxy has hundreds of billions of stars, and each star is primarily hydrogen. Individual stars are
composed of roughly 70-75% hydrogen by mass during their lifetime. A significant portion of hydrogen exists in
the form of interstellar gas clouds, which serve as the fuel for new star formation. Overall, the vast majority of all
ordinary matter in a typical galaxy is hydrogen.
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Fig. 3 The absorption of gravitons by the hydrogen atom will excite the 3d state (23), while the

absorption of photons will excite the 2p and 3p states (see Appendix B). The transition rate of

gravitons to the n = 2 state identically vanishes because of its helicity (21). A subsequent radiation

of photons from so excited states will be through the channels 2p ! 1s, 3p ! 2s and 3p ! 1s for the

photon excited states and through the cascade 3d ! 2p ! 1s for the graviton excited state. These

absorption and decay channels are governed by the selection rules that prevents the absorption of

particles of helicity h = 2 to the second energy level of the hydrogen atoms (21) and radiation of

photons from 3d state to 1s state.

This ratio can be improved by the consideration of specific energy bands and regions
of space, where the photon luminosity is minimal. In particular, it is advantageous
that the graviton absorption rate to the n � 3 states is in the Lyman ultraviolet (UV)
region 91.1 nm  �g  102.5 nm, where the photon radiation spectrum in UV region
(55) is less intensive [33] (see Fig. 2). Stars in a galaxy may have masses within the
range of about 0.1 to about 100 times the mass of the Sun, and the luminosities L�

corresponding to these masses may range from about 10�3 to 106 times the luminosity
of the Sun [4], thus the observation of the regions with stars that have low masses
would be preferable

lg

L�

⇡ 10�15
.

In the next section we suggest measuring the ratio of photon luminosities that is
defined in a way that maximally exposes the fundamental di↵erence in the nature of
photons and gravitons - their helicity, which is h = 1 for the photons and h = 2 for
the gravitons [17].

6 The ratio of photon luminosities

The absorption of gravitons by the hydrogen atom will excite the 3d state (23), while
the absorption of photons will excite the 2p and 3p states (see Appendix B). The
transition rate of gravitons to the n = 2 state identically vanishes because of its helicity
(21). A subsequent radiation of photons from so excited states will be through the
channels 2p ! 1s, 3p ! 2s and 3p ! 1s for the photon excited states and through
the cascade 3d ! 2p ! 1s for the graviton excited state. These absorption and decay

17

One can obtain the explicit expression for the R� by substituting the expressions of
the absorption and emission rates (see Appendix B)

R� =
!32N3�S�(3p ! 2s) + !21N2�S�(2p ! 1s)

!31N3�S�(3p ! 1s)
=

213

58
+

28

34
N2�

N3�

. (72)

The graviton contribution to the ratio of luminosities is

�Rg =
!32N3gS�(3d ! 2p) + !21N2gS�(2p ! 1s)

!31N3�S�(3p ! 1s)
=

3 216

59
N3g

N3�

+
28

34
N2g

N3�

. (73)

These expressions are valid for the stellar atmospheres and for intergalactic/interstellar
media.

By using the Planck distribution for the radiation intensity one can compute the
population ratio N2�/N3� (62) and obtain that

R� = C21 + C23

~!31
kT � 1

e
~!21
kT � 1

, (74)

where

C21 =
213

58
, C23 =

221

311
. (75)

Considering the radiation of a star at temperature T = 10000K and by using the rate
equation to estimate the population ratio N2�/N3� (62) for a stellar atmosphere we
will get

R� ⇡ 106. (76)

The Sun photosphere is very close to being in hydrostatical equilibrium and one should
use instead the Boltzmann distribution

N2�

N3�

=
8

18

e
� ~!21

kT

e
� ~!31

kT

. (77)

In that case we obtain
R� ⇡ 63. (78)

While the contribution of thermal gravitons induced by a typical star, white dwarf or
neutron stars can be estimated by using (23), (B9),(58) and is extremely small and is
approximately

�Rg / N3g

N3�

⇡ 10�66 � 10�56
. (79)

Here we use a theoretically derived intensity Ug(!) of thermal gravitons [1–3, 18].
There seems to be no hope of measuring �Rg at these low values. Still, it seems

important to impose an experimental upper bound on Ug using this ratio.

These are rough estimates, because stellar atmospheres have a complicated layer
structure. Indeed, the deepest and coolest of these layers, with temperature between
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Selection rules for photons and gravitons 
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1 Introduction

We compute the emission and absorption rates of gravitons by hydrogen atoms. The
absorption rate of gravitons is proportional to the graviton luminosity and to the
number of hydrogen atoms.

Currently, the observational knowledge of the graviton luminosity in di↵erent regions
of the Universe is limited, and here we will consider its value as unknown quantity.

⌦GW ⇠ 10�9
, ⇢GW ⇠ 8.5⇥ 10�39

gram

cm3

Ug(!) =
⇢GW c

2

4!HI

⇠ 4.15⇥ 10�34
gram

cm sec

U� ⌧ Ug ?

MHI(IGM) ⇠ 2⇥ 1033 � 2⇥ 1040gram,

N1s ⇠ 1.2⇥ 1056 � 1.2⇥ 1063 HI atoms

(1)

The giant halos of pristine, primordial hydrogen gas that surrounded galaxies in the
early universe at z = 5.5 - 13.4 were found by the James Webb Space Telescope. Moti-
vated by these observations we suggest a method that may discriminate the photon
luminosities that are induced by the absorption of gravitons and provide information
concerning the intensity of gravitational radiation in di↵erent regions of the Universe.
The suggested method maximally exposes the fundamental physical nature of photons
and gravitons – their helicity, which is h=1 for the photons and h=2 for the gravitons.

In [1, 2] Weinberg estimated the power of thermal radiation of gravitons generated
by the Sun (or a typical star) through the scattering of electrons and protons in a com-
pletely ionised hydrogen plasma at the core of the Sun. The thermal graviton energies
form a continuum spectrum and are in the eV to keV region. A recent comprehensive
analysis of the gravitational emission of the Sun defines partial contributions from the
photon-production, ee bremsstrahlung, ep bremsstrahlung, eHe bremsstrahlung and
the emission induced by the hydrodynamical fluctuations [3]. This energy region well
matches with the absorption spectrum of the hydrogen atoms.

The spontaneous radiation rates of gravitons from the excited states of hydrogen
atoms are tiny; while, the absorption rates are amplified proportionally to the energy
density of the gravitational radiation and to the number of atoms in a hydrogen cloud.
These quantities can be large due to the fact that in the interstellar and intergalactic

2

It is of the same order of magnitude as (Rate 3d ! 1s)g in (??), and the life time of
the 4d state due to the graviton radiation will be

⌧ =
1

Sg(4d ! 1s)
⇡ 6.37⇥ 1038sec. (16)

In the course of the cosmological expansion at the time of recombination the electrons
are captured by protons, and these initial bound states appear at n ⇡ 350. Even higher
energy states with n = 500�1000 were achieved in the laboratory experiments [27]. It
seems therefore reasonable to consider the interaction of gravitons with high excited
states of the hydrogen atoms as well. The radiation rate (10) for high excited states
has the following form:

Sg(nd ! 1s) ⇡ 22n+4
n
6

15(n+ 1)8+2n

�[n+ 4]2

�[2n]

Gm
2

~c
a
4
!
5
n1

c4
, (17)

where the square of the matrix element is1

|hnd|Dij |1si|2 =
X

lz=0±1±2

|m
Z

Rn2Y2,lz (3xixi � �ijr
2)R10Y0,0 r

2
dr sin ✓d✓d�|2

⇡ 3 22n+3
n
6

(n+ 1)8+2n

�[n+ 4]2

�[2n]
m

2
a
4 (18)

and

!n1 =
n
2 � 1

n2

me
4

2~3 . (19)

Substituting the value of the Bohr radius and of the angular frequency !n1 we will get

Sg(nd ! 1s) ⇡ 22n+1(n� 1)5

15n3(n+ 1)2n+3

�[n+ 4]2

�[2n+ 1]

Gm
2

~c

⇣
e
2

~c

⌘4⇣me
4

2~3
⌘

(20)

that decreases as 2⇡
5/2

15n2n+3/2 . As it follows from the above consideration, the spontaneous
radiation rate Sg of gravitons from the excited states of the hydrogen atoms is tiny
(10), (??) and (15), while the absorption rate is amplified proportionally to the number
of hydrogen atoms N1s in the interstellar and intergalactic clouds and to the spectral
energy density Ug(!) of the graviton radiation (21). These quantities can be large
due to the fact that in the interstellar and intergalactic media there are giant halos
containing a vast amount of hydrogen atoms [4, 5] and due to the alternative sources
of gravitational radiation [6–10].

The giant halos of pristine, primordial hydrogen gas that surrounded galaxies in
the early universe at z = 5.5 - 13.4 were found by the James Webb Space Telescope.

The presents of copious amount of pristine HI gas was discovered by measurement

1
In the above approximation we use the asymptotic form of the Rn2 wave function at r � a (see Appendix

A).

7



Absorption of Gravitons by Hydrogen atoms

.
The absorption rate of gravitons can be amplified

it is proportional to the number of hydrogen atoms N1s

and to the spectral energy density Ug(!) of the gravitational radiation:

(Rate 1s ! 3d)g =
81

512

G⇡
2

c2
N1s Ug(!31).

The number of hydrogen atoms N1s in the |1si state in a container of 106 grams of
the hydrogen gas would contain N1s = 106NA atoms,

where the Avogadro number is NA = 6.0221⇥ 1023,

and with a nonzero energy density of gravitons U(!31)d! the absorption rate would be

(Rate 1s ! 3d)g =
⇣

Ug(!31)

gram/cm sec

⌘⇣
mass of HI

106 gram

⌘
⇥ 6.98⇥ 102sec�1

.

How much is the value of Ug(!31) in the Universe ?

How much is the number of neutral hydrogen HI in the Universe ?

The spontaneous radiation rate

Sg(3d ! 1s) =
1

36

Gm
2

~c

⇣
e
2

~c

⌘4⇣me
4

2~3
⌘
, (23)

has a fixed value independent of the environment and is of order Sg(3d ! 1s) ⇡
2.85⇥ 10�39 sec�1, while the total absorption rate (23) is amplified proportionally to
the number of hydrogen atoms N1s in an interstellar/intergalactic cloud and to the
spectral energy density Ug(!) of gravitons.

One can also obtain the expression for the absorption rate for the |1si to |4di by
using the formula (11) for S:

Dg(1s ! 4d) =
51539607552⇡2

152587890625

Gm
2

~c
a
4
!
2
41

~c . (24)

9

we obtain the absorption rate of gravitons:

Dg(1s ! 3d) =
81

512

G⇡
2

c2
.

and it is
Dg(1s ! 3d) ⇡ 1.16⇥ 10�28

cm

gram

The absorption rate of photons is

D�(1s ! 2p) = 2
17

310

⇣
e
2

~c

⌘�1⇣
⇡
2~

m2c

⌘
,

and has the following value:

D�(1s ! 2p) ⇡ 1.27⇥ 1020 cm

gram
, (23)

.
The absorption rate of gravitons can be amplified

it is proportional to the number of hydrogen atoms N1s

and to the spectral energy density Ug(!) of the gravitational radiation:

(Rate 1s ! 3d)g =
81

512

G⇡
2

c2
N1s Ug(!31).

The number of hydrogen atoms N1s in the |1si state in a container of 106 grams of
the hydrogen gas would contain N1s = 106NA atoms,

where the Avogadro number is NA = 6.0221⇥ 1023,

and with a nonzero energy density of gravitons U(!31)d! the absorption rate would be

(Rate 1s ! 3d)g =
⇣

Ug(!31)

gram/cm sec

⌘⇣
mass of HI

106 gram

⌘
⇥ 6.98⇥ 102sec�1

.

How much is the value of Ug(!31) in the Universe ?
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1 Introduction

We compute the emission and absorption rates of gravitons by hydrogen atoms. The
absorption rate of gravitons is proportional to the graviton luminosity and to the
number of hydrogen atoms.

Currently, the observational knowledge of the graviton luminosity in di↵erent regions
of the Universe is limited, and here we will consider its value as unknown quantity.

⌦GW ⇠ 10�9
, ⇢GW ⇠ 8.5⇥ 10�39

gram

cm3

Ug(!) =
⇢GW c

2

4!HI

⇠ 4.15⇥ 10�34
gram

cm sec

MHI(IGM) ⇠ 2⇥ 1033 � 2⇥ 1040gram,

N1s ⇠ 1.2⇥ 1056 � 1.2⇥ 1063 HI atoms

(1)

The giant halos of pristine, primordial hydrogen gas that surrounded galaxies in the
early universe at z = 5.5 - 13.4 were found by the James Webb Space Telescope. Moti-
vated by these observations we suggest a method that may discriminate the photon
luminosities that are induced by the absorption of gravitons and provide information
concerning the intensity of gravitational radiation in di↵erent regions of the Universe.
The suggested method maximally exposes the fundamental physical nature of photons
and gravitons – their helicity, which is h=1 for the photons and h=2 for the gravitons.

In [1, 2] Weinberg estimated the power of thermal radiation of gravitons generated
by the Sun (or a typical star) through the scattering of electrons and protons in a com-
pletely ionised hydrogen plasma at the core of the Sun. The thermal graviton energies
form a continuum spectrum and are in the eV to keV region. A recent comprehensive
analysis of the gravitational emission of the Sun defines partial contributions from the
photon-production, ee bremsstrahlung, ep bremsstrahlung, eHe bremsstrahlung and
the emission induced by the hydrodynamical fluctuations [3]. This energy region well
matches with the absorption spectrum of the hydrogen atoms.

The spontaneous radiation rates of gravitons from the excited states of hydrogen
atoms are tiny; while, the absorption rates are amplified proportionally to the energy
density of the gravitational radiation and to the number of atoms in a hydrogen cloud.
These quantities can be large due to the fact that in the interstellar and intergalactic
media there are giant halos containing a vast amount of hydrogen atoms [4, 5] and
due to the alternative sources of gravitational radiation [6–10].

The problem of measuring the graviton radiation was discussed in the literature
by Dyson [10] and other authors [11–16]. These investigations are mostly concerned
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1 Introduction

We compute the emission and absorption rates of gravitons by hydrogen atoms. The
absorption rate of gravitons is proportional to the graviton luminosity and to the
number of hydrogen atoms.

Currently, the observational knowledge of the graviton luminosity in di↵erent regions
of the Universe is limited, and here we will consider its value as unknown quantity.

⌦GW ⇠ 10�9
, ⇢GW ⇠ 8.5⇥ 10�39

gram

cm3

Ug(!) =
⇢GW c

2

4!HI

⇠ 4.15⇥ 10�34
gram

cm sec

MHI(IGM) ⇠ 2⇥ 1033 � 2⇥ 1040gram,

N1s ⇠ 1.2⇥ 1056 � 1.2⇥ 1063 HI atoms

(1)

The giant halos of pristine, primordial hydrogen gas that surrounded galaxies in the
early universe at z = 5.5 - 13.4 were found by the James Webb Space Telescope. Moti-
vated by these observations we suggest a method that may discriminate the photon
luminosities that are induced by the absorption of gravitons and provide information
concerning the intensity of gravitational radiation in di↵erent regions of the Universe.
The suggested method maximally exposes the fundamental physical nature of photons
and gravitons – their helicity, which is h=1 for the photons and h=2 for the gravitons.

In [1, 2] Weinberg estimated the power of thermal radiation of gravitons generated
by the Sun (or a typical star) through the scattering of electrons and protons in a com-
pletely ionised hydrogen plasma at the core of the Sun. The thermal graviton energies
form a continuum spectrum and are in the eV to keV region. A recent comprehensive
analysis of the gravitational emission of the Sun defines partial contributions from the
photon-production, ee bremsstrahlung, ep bremsstrahlung, eHe bremsstrahlung and
the emission induced by the hydrodynamical fluctuations [3]. This energy region well
matches with the absorption spectrum of the hydrogen atoms.

The spontaneous radiation rates of gravitons from the excited states of hydrogen
atoms are tiny; while, the absorption rates are amplified proportionally to the energy
density of the gravitational radiation and to the number of atoms in a hydrogen cloud.
These quantities can be large due to the fact that in the interstellar and intergalactic
media there are giant halos containing a vast amount of hydrogen atoms [4, 5] and
due to the alternative sources of gravitational radiation [6–10].

The problem of measuring the graviton radiation was discussed in the literature
by Dyson [10] and other authors [11–16]. These investigations are mostly concerned
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we obtain the absorption rate of gravitons:

Dg(1s ! 3d) =
81

512

G⇡
2

c2
.

and it is
Dg(1s ! 3d) ⇡ 1.16⇥ 10�28

cm

gram

The absorption rate of photons is

D�(1s ! 2p) = 2
17

310

⇣
e
2

~c

⌘�1⇣
⇡
2~

m2c

⌘
,

and has the following value:

D�(1s ! 2p) ⇡ 1.27⇥ 1020 cm

gram
, (23)

.
The absorption rate of gravitons can be amplified

it is proportional to the number of hydrogen atoms N1s

and to the spectral energy density Ug(!) of the gravitational radiation:

(Rate 1s ! 3d)g =
81

512

G⇡
2

c2
N1s Ug(!31).

The number of hydrogen atoms N1s in the |1si state in a container of 106 grams of
the hydrogen gas would contain N1s = 106NA atoms,

where the Avogadro number is NA = 6.0221⇥ 1023,

and with a nonzero energy density of gravitons U(!31)d! the absorption rate would be

(Rate 1s ! 3d)g =
⇣

Ug(!31)

gram/cm sec

⌘⇣
mass of HI

106 gram

⌘
⇥ 69.8sec�1

.

How much is the value of Ug(!31) in the Universe ?

9

How much is the number of neutral hydrogen HI in the Universe ?

(Rate 1s ! 3d)g ⇠ 3.5⇥ 1018sec�1 � 3.5⇥ 1031sec�1
.

The spontaneous radiation rate

Sg(3d ! 1s) =
1

36

Gm
2

~c

⇣
e
2

~c

⌘4⇣me
4

2~3
⌘
, (24)

has a fixed value independent of the environment and is of order Sg(3d ! 1s) ⇡
2.85⇥ 10�39 sec�1, while the total absorption rate (24) is amplified proportionally to
the number of hydrogen atoms N1s in an interstellar/intergalactic cloud and to the
spectral energy density Ug(!) of gravitons.

One can also obtain the expression for the absorption rate for the |1si to |4di by
using the formula (12) for S:

Dg(1s ! 4d) =
51539607552⇡2

152587890625

Gm
2

~c
a
4
!
2
41

~c . (25)

Substituting the angular frequency !41 (11) and the Bohr radius a we will obtain our
formula for the absorption rate of gravitons2:

Dg(1s ! 4d) =
452984832

6103515625

G⇡
2

c2
, (26)

so that this graviton absorption rate by a hydrogen atom is

Dg(1s ! 4d) ⇡ 5.44⇥ 10�29
cm

gram
. (27)

This rate is of the same order as the |1si to |3di absorption rate (23), and we have

(Rate 1s ! 4d)g =
22433

514
G⇡

2

c2
N1s Ug(!41). (28)

For 106 grams of the neutral hydrogen gas and with a nonzero energy density of
gravitons Ug(!41)d! the absorption rate would be

(Rate 1s ! 4d)g =
⇣

Ug(!41)

gram/cm sec

⌘⇣
mass of HI

106 gram

⌘
⇥ 3.27⇥ 102sec�1

. (29)

2
The coe�cient in (26) is 2

24
3
3
/5

14
.
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Lorentz  -  Is hydrogen atom electromagnetically stable ? 

Einstein   -  Is hydrogen atom gravitationally  stable ? 

 dipole matrix elements <1s|d|1s> =0 in 1s state vanish  

quadrupole matrix elements <1s|D|1s> =0 in 1s state vanish  



Thank You !


