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ARTICLE INFO ABSTRACT

Editor: M. Trodden Pulsar timing arrays (PTAs) are sensitive to oscillations in the gravitational potential along the line-of-sight due to
ultralight particle pressure. We calculate the probing power of PTAs for ultralight bosons across all frequencies,
from those larger than the inverse observation time to those smaller than the inverse distance to the pulsar.
We show that since the signal amplitude grows comparably to the degradation in PTA sensitivity at frequencies
smaller than inverse observation time, the discovery potential can be extended towards lower masses by over
three decades, maintaining high precision. We demonstrate that, in the mass range 10720 — 10~2* eV, existing
15-year PTA data can robustly detect or rule out an ultralight component down to O(1 — 10)% of the total dark
matter. Non-detection, together with other bounds in different mass ranges, will imply that ultralight scalar/axion
can comprise at most 1 — 10% of dark matter in the 1073°~10~!7 eV range. With 30 years of observation, current
PTAs can extend the reach down to 0.1 — 1%, while next-generation PTAs such as SKA can attain the 0.01 — 0.1%
precision. We generalize and derive predictions for ultralight spin-1 vector (i.e. dark photon) and spin-2 tensor

dark components.

Ultralight particles are intriguing dark matter candidates, motivated
by high energy theories [1]. As they have de-Broglie wavelengths com-
parably to galactic or even larger cluster scales, depending on their
mass, they would leave marks on cosmological and astrophysical ob-
servables [2]. One such effect comes from the pressure of the ultralight
field which could cause the energy-momentum tensor and equivalently
spacetime to fluctuate in a monochromatic way [3]. These fluctuations
would modify the observed arrival time of pulses from pulsars and can
be used to extract the properties, e.g. mass and energy density, of ultra-
light scalar/axion-like (spin-0), vector (dark photon/spin-1) and tensor
(spin-2) bosons, even if they form a fraction [4,5] of dark matter.

Ultralight bosonic degrees of freedom have undergone intense explo-
ration in recent years (see Ref. [6] for a review). The mass parameter
space has already been constrained at several distinct scales by a num-
ber of probes. Cosmic microwave background experiments (CMB) [7,8]
combined with large-scale structure surveys [9] have derived bounds
on the extremely light range, roughly 10732—-10"2eV. The ultravio-
let luminosity function and reionization constrain the 10723—10"22eV
range [10]. Lyman-a experiments reaching large wavenumbers of the
matter power spectrum probe approximately the range 10723—-107205 ¢V
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[11-15], and the shape of Eridanus-II the 10720 — 10~1° ¢V range [16].
Galaxy rotation curves probe the 107237 — 10~22eV range [17]. Sec-
ular variations in binary-pulsar orbital parameters can test the mass
range 10723—10"18 eV [18-21]. Finally, non-observation of superradi-
ance in rapidly spinning supermassive black holes (SMBHSs) can explore
the 107205-10-167 v range [22]. With all of the above, the mass range
10726-10-23 ¢V still remains relatively unexplored.

In this Letter, we show that current data from the International
Pulsar-Timing Array (IPTA) [23,24], a collaboration between
NANOGRAYV [25], PPTA [26] and EPTA [27] can be used to probe the
ultralight boson energy density fraction Fypy in the 10726-10"23 eV
mass range with about 1-10% precision. The bounds remarkably ex-
tend to the smaller masses (lower frequencies) in this window, since the
strength of the ultralight particle signal changes comparable to the PTA
sensitivity curve. Therefore, smaller mass particles can be efficiently
constrained by current IPTA data down to frequencies corresponding
to 1/Dpyiger ~ 1/kpe (where Dy, is the distance to the pulsar, and
we set the speed of light ¢ = 1). Extending the observation period up
to 30 years can improve these constraints by one order of magnitude,
and with future PTA experiments, such as SKA [28,52], by two more
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orders of magnitude. Combined with CMB/LSS, Lyman-a and SMBH
superradiance constraints, the discovery potential of PTAs implies that
ultralight bosons can be probed continuously throughout the mass range
10739-10"17 eV with ~ O(1)% precision (see also [29-34,571).

We start with the signature of ultralight dark matter in PTAs. Free
scalar/axion-like degrees of freedom, ¢, with a canonical kinetic term
have a Lagrangian density £ = %(d”qS)2 - %mzd)z. If such particles are
non-relativistic, then the field configuration is given by a plane wave of
nearly single frequency with corrections up to the kinetic term, which
is about 107 times smaller compared to the rest mass. If we neglect the
expansion of the background, ¢ = A(x) cos(mt + ). The energy density
is nearly time independent, p = ¢*>/2 + V =~ %mzAz, and the pressure
oscillates with angular frequency twice the mass of the particle, i.e. p=
¢?*/2—V ~p-cosRuft+2p), where f is the oscillation frequency that
can be computed using the corresponding mass as 2z f = w = 2m, and
p is a phase. Hence,

- -9 m

Then, solving the 00 and ii components of Einstein’s equations at
first order, with the following metric perturbations: 6gy, = —2® and
8g;; = 26y, one ends up with y = yo(x) + 5G ~nAZcos@Qmt +2p) =
wo(x)+7Gyp/ m? cos(2mt + 2f), the second term being the oscillating
piece defined as w, = Gy p/m?. The time residual can be calculated
via the fractional frequency shift as

t
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where 7 and 7, are the time at Earth and pulsar emission, and the frac-
tional change in the frequency is given by

t
-
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P
where the first term is the difference in the gravitational potential and
the second term is the change of its gradient during propagation, which
is suppressed by a factor k/m. Now, plugging Eq. (3) into Eq. (2), we
get the expression

Ve .
OAt = - sin(mDpyiger + Be — By) X

X cos(2mt — mD 0 + B, + By, C))

where f, and f, corresponds to phase values at the Earth and at the in-
dividual pulsar. The typical amplitude for the residual oscillating signal
is the root-mean-square (rms) path average which is given by’

\(@an2) =

where L = D,

L
% / dIGAY =P -y, /m, ®)
0

and P is defined as

pulsar
1
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In the case where m - Dy, > 1 we have P ~ |. However, in the limit
m - Dy < 1, we have extra suppression factor in the signal, of ap-
proximately m Dpjq, -

The oscillations in the energy-momentum tensor will cause oscilla-
tions in the gravitational potential which correspond to an equivalent

1 For simplicity, we assume that for cross-correlation of signals from two
different pulsars, this factorizes as P(L,)P(L,) where L, and L, are the Earth-
pulsar distances for pulsar 1 and 2.

Physics Letters B 855 (2024) 138830

characteristic strain h, = 2\/5%’ stressing that this is not GW signal. A
similar analysis can be done for vector and tensor fields. For the massive
spin-1 case, i.e. a massive dark photon, the field has 2 transverse and
1 longitudinal polarizations. For the spin-2 case, i.e. tensor, the field
has 1 scalar, 2 transverse and 2 transverse-traceless polarizations (for
subluminal gravitational waves [35]). These polarizations are of similar
order-of-magnitude in strength. Although there will be accompanying
polarizations, the distinctive modes will be transverse polarization for
a vector field and transverse-traceless polarization for a tensor field,
and so we will conduct our analysis for the detectability of these spe-
cific polarizations. The signal from a single pulsar corresponding to the
scalar [3], vector [36] and tensor [37] dark matter scenarios can be es-
timated as

2
. 5nHz
hc,scalarﬁz' 107" P - Furom ( 7 )
5nHz
hc,vector ~6- 10_15 P FULDM (T)
— 1/2 SnHz a

he tensor,a =5 10712 - 7)'PU/LDM < f ) <10——7> )

where Fyipy = (M"GU:%) is the fraction of ultralight dark matter

(ULDM) in the local Universe and « is the spin-2 universal coupling to
matter.

A number of comments are in order. First, the signal suppression
from propagation is important, since with the corresponding modifica-
tion the signal strain grows more slowly than the red-noise strain and
as a result the signal-to-noise diminishes for frequencies smaller than
inverse pulsar distance, i.e. f <1/Dpq,, see Fig. 1.

Secondly, the tensor case is special in the sense that the only known
viable massive spin-2 theory, bigravity, includes a universal direct cou-
pling term to matter with strength « that cannot be tuned away. Because
of this, the signal from the massive tensor field is proportional to f~!
instead of f =2 as in the scalar and vector cases [37]. Therefore, in the
tensor case the constraint is effectively on the combination a?F py %>

Having described the three different types of signals we are after, we
now turn to a discussion of the sensitivity of current and future PTAs.
Although all ultralight particles generate pressure which leads to per-
turbations in the arrival time of pulsar signals, the type of perturbations
are distinct from each other. Accordingly, PTAs have different response
functions for scalar, vector and tensor fields. The variables typically used
in the literature to indicate the strength of the signal: the characteristic
strain h,, the power spectral density .S, and the energy density Q,,, are
connected to each other as follows

2 This harder scaling is what makes it possible to potentially detect this kind
of signal also at the much higher frequencies probed by gravitational wave in-
terferometers [54-56], see Fig. 3.

3 We note that the same f~! scaling also applies when spin-0 and spin-1 ULDM
are directly coupled to matter

_ v 1072 GeV 5nHz
e scatar,n 23+ 10 8 <_) <7> FuLom T

10-3 A
- g 5nHz
hr,vecmr,gc ~32-10 13 (W) rULDM T ®

where A is a cutoff, and “g” denotes the coupling constant. The interaction
Lagrangian that defines the coupling constants quoted above is

2
L=M,g <1+%> <1+%)+qu,.A"(z)+ %M,j(t)ufuf, ©
where the spin-0, spin-1 and spin-2 fields are ¢(t), A;(t) and M, (0, respectively;
Mg, is the Earth’s mass and v; the velocity of the solar-system barycenter quasi-
inertial frame with respect to the ULDM frame, M the reduced Planck mass,
and g = gMg /m, with m, the mass of the neutron and g the B — L or B coupling
constant.
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Fig. 1. Characteristic strain, A, for the signal in the case of scalar ultralight
particles with 7y py = 1, and for the noise with current PTAs (assuming 15 and
30 years of observation time [51], for 60 and 90 pulsars) and with SKA (15
years with 5K pulsars), respectively. The effective noise curve is defined here
as Moy = My (2R7)7'/4. The signal, the PTA sensitivity and the detectability in
three regimes separated by vertical dashed lines are discussed in detail in the
text. Note that the signal grows comparable to the noise in the regime 1/ D, <
f < 1/T,, allowing for precision probing, and slower for f > 1/T,  and f <
1/D,

pulsar *

2 2
39 = 2 125, = 2= PR, 10)

To estimate the detectability of the monochromatic signal, we start from
the formula

N N 2
SNR2 =2 (f T, ) Z E 2 <Sh,signal > an
- obs B»I1J ’

I=1J>1 Sh,noise

where T, is the observation time, and I, J indicate two pulsars in each
pair correlation, and r(zﬂ) = i [ dQ )(; ;> B=Scalar (S), Vector(V),
Tensor(T), and N is the total number of pulsars, assumed to have iden-
tical properties to derive an ensemble average. The explicit expressions
for y;;, the correlation coefficient between each pair of pulsars sepa-
rated by an angle ¢, for each f are [38]

1
St yis=1, V:)(,ngcos{

T: x,,:%—%<71_§°s§> <1+61n(71_2034>>

Defining R2 = Zﬁl ZIJV>1 r(zﬂ)”, this yields

N(N-1) _, N(N-1) _, N({N-1I)
Ri=—— "7 R2= ,RE= ) 12
s 2 v 2.27 T 2.48 (12)

The PTA sensitivity curve can be described as

S,,:127r2f2¥:hi/f (13)

TP \2

where T = (;{;7‘}“))3) is the transmission function,* N = 2¢2Ar +
“Lobs

P. f~7 (white noise plus red noise which can be relevant for small fre-

quencies). S, varies between the different frequency ranges (see Fig. 1):

D f > 1/T,,: The high frequency part of the sensitivity regime is
controlled by white timing noise, whose expression is given as
S,(f)= 1272 f2(2At0?) = h?/ f . Here At is the timing period, and
o is the rms error in timing residuals. This frequency regime has
scaling A,  f3/2, or equivalently Q, £ [39-42].

4 The transmission function in the limit f < 1/T,,, accounts for the fact that
fitting for the unknown pulsar period and period derivative is equivalent to
keeping the transmission function fixed at 1 and expanding our signal up to
cubic order, which then introduces the f3 dependence to the signal.

Physics Letters B 855 (2024) 138830

0.100 Superradiance _
8| Zo010
o o o i
gl &€ ,
1 £y
Z ;
f QIGONE SKA15yr Eri-Il E
107¢

102 10% 0% 102 10 108

m [eV]

Fig. 2. Bounds on the fraction of a scalar ultralight boson component out of
the total dark matter. We show existing constraints from CMB [7,8]; combined
with BOSS [9]; reionization [10]; Lyman-a [11-15]; Eridanus-II [16]; galaxy
rotation curves [17]; and SMBH superradiance [22]. Our forecasts for current
PTA (future; 30 year PTA, and 15 year SKA) are shown in solid (dashed) blue.

1) f <1/T,,: Here S, is set by three factors: (i) the transmission

function, which accounts for the information absorbed by the tim-
ing model fit (we assume a quadratic spin-down model which fits
for the pulsar phase offset, spin period and period derivative). In
this regime, the transmission function scales as f~° and limits the
detection capability [49]. (ii) Measurement white noise, which is
frequency-independent; (iii) Pulsar specific red noise [43], which
is more effective at low frequencies [45] (see also [46,47]). For
simplicity, in making our forecast we will limit ourselves to a sub-
set of pulsars for which, in the frequency regime we focus on, the
red noise is subdominant compared to white noise. We assume that
this holds for 1/4th of the total dataset (indeed, there are many
such pulsars [44-48]).
When the frequency of the signal is less than 1/T,,, there are two
ways to do the analysis: i) One can keep the white noise fixed and
expand the signal in a Taylor series. Then, the first two expansion
terms are absorbed by the period and period derivative terms due to
the lack of an independent measurement of these parameters, hence
we are only left at the next order with the cubic term. Keeping the
noise fixed, we therefore have an extra m3 /T3 ~ f3 /T3 suppres-
sion. ii) One can keep the signal the same, but then the response will
include again the ambiguity in period and period derivative, hence
one can modify the definition of the noise via the transfer func-
tion [49]. The strain transfer function is unity for frequencies larger
than inverse observation time (f > 1/7T,,,), on the other hand, and
it is /= at low frequencies (f > 1/T,,,). The transfer function for
power spectral amplitude is quadratic in the strain, hence they have
£7°. Red noise makes the sensitivity worse on top of this white noise
curve.

The noise curve for a generic single pulsar is parametrized as in
Ref. [53], consistent with both simulated curves [49] and data [48]

hc,noise =V f : Sn = \/ 127[2f3 (N/T) ~ 10_]4 X

2
Alygq 04

3 (gfrac : (f : Tobs)_3/2 + (f : Tobs>3/2> (14)

(;bs,ISyr
_ . . . _ At
where T, 1s5yr = Tops /151 is scaled observation time, Aty = Tadays 1
o . . . .
cadence, o, = o 1S TS signal error, &, is the inverse of the square-

root of the fraction of pulsars where red noise is subdominant compared
to white noise. We take 1/4th of the pulsars to be white-noise dominated
in the regime we focus on, so ;,,. =2 in this study. We emphasize that
Eq. (14) is a generic result for PTAs, hence plugging in distinct timing
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Fig. 3. Zoomed in for scalar, vector (dark photon) and tensor (spin-2) (setting
a=107", N, PTA — 6, N; SKA = 5K, and 15 years of observation time for both).

errors or observation periods, one can produce approximate sensitiv-
ity curves. The scalings correspond to current PTA experiments, namely
the rms timing error is normalized for us. The next generation SKA ex-
periment is expected to improve this result by an order of magnitude,
i.e. to 30ns. Moreover, the number of observed pulsars with SKA will
be about two orders of magnitude larger than the current PTA pulsar
number [50]. Combined, these two effects will improve the sensitivity
of SKA by roughly two orders of magnitude, as shown in Fig. 1.

To proceed, we plug Eq. (7) into Eq. (11), using our source is
monochromatic, with f, given in Eq. (1)

4
SNRZ 2 2(f, - Typ)? RE (hc,SIgnal > ' ’ as)
hc,noisc =7«
where R? is the response given to different spin fields, i.e. scalar, vector
and tensor, given in Eq. (12). With this result in hand, we are equipped
with all the required items to compute the sensitivity of current and fu-
ture PTA experiments to large portions of the parameter space of ULDM
particles of each distinct nature (scalar, vector and tensor). Our results

are shown in Figs. 2, and 3.

To provide intuition for the results, we now discuss in detail the
capabilities of PTAs to probe ULDM by focusing on the scaling properties
of the signal and noise in each separate frequency regime in Figs. 1, 2
and 3 by assuming conservative noise curve.

a) f > 1/T: For scalar and vectors we have Aggny o f =2, while for
tensor (spin-2) Agjgng £7Y and Ay o £3/2.
h4
S,V 3 SNR o (f - Type)? 2= & Fiipy (- Ta)”
c,n
h?
T : SNR? « (f - T,,)? hfﬁ < Fliom ( * Tops) ™ (16)

The fraction of dark matter we can probe scales as Fyypy & (f -
T.s)? for scalar and vector, and Fyy py o (f - Tope)* for tensor. This
is the regime for masses larger than 10723 eV.
b) 1/Dpyisar < f < 1/Typ: For scalar and vectors we have h
f72, while for tensor hignal & f1 and Ay o £

signal &
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h4

S,V 1 SNR? o (f - T,p,)* h”’ < Fihiom (F * Tops)’
c,n

2 2 h4 2 4
T : SNR o« (f-T,)" —— n °<F ULom U Tobs) an

c,n

For scalars and vectors, in the f < 1/T,,, regime, the signal grows

slightly faster than noise, which results in Fypy o (f - Tope)°- In

the tensor case, we have Fypy & (f - Tops) 2. Depending on T,

of the PTA, this regime typically lies between m ~ 1072V and

m~10"23evV
o f<1/ Dpuls art For scalar and vectors A,y & /71, while for tensor
hsignal x f ; and hnmse x f 3/2'
4
S,V 1 SNRE (f - bs)z 7 o< Fiom (f - Dputsar)’
4
T: SNR®(f - bs)2 - ?SLDM - Dpulsar)8 (18)
In the regime f <1/ Dpu,m, the SNR decreases for scalar, vector

and tensor. The fraction of dark matter that can be probed scales
as Fyrpm &« (f - Dpulsar)‘1 for scalar and vector; and Fy;py « (f -
Dpulsar)’4 for tensor. Depending on the pulsar distance D this
is typically the regime where m < 10720 eV.

pulsar>

To conclude, our results indicate that current as well as future PTAs
can probe ultralight bosons of scalar, vector (dark photon) and tensor
(spin-2) types with excellent precision. The mass range 10720 — 10~23 eV
is especially interesting since CMB and large-scale structure experiments
have less sensitivity in that regime, and in contrast PTAs have the most
sensitivity there, so that we can close this gap, as shown in Fig. 2 and 3.
Crucially, this mass range roughly corresponds to the frequency regime
1/Dpyyisar < f < 1/Tps, where the signal stays strong compared to the
noise. Therefore, smaller mass particles (in the scalar and vector sce-
narios) can be tightly constrained until frequencies f ~ 1/Dy . For
tensor particles, the potential oscillations scale with 1/ f, hence the best
regime to probe them is around f ~ 1/T

Our calculations show that with current PTA data, the abundance
of ultralight bosons in the mass range 1072° — 10~23eV can be probed
down to O(1 — 10)% of the total dark matter energy density. We also
found that with 30 year PTA data, the precision improves by about one
order of magnitude to 1%, and with SKA to 0.1%.

This work implies that combining PTAs with current constraints from
CMB, large-scale structure, Lyman-a and superradiance (see Fig. 2), ul-
tralight scalar dark matter can be constrained throughout the mass range
10739-10"17 eV to less than O(10%) of the dark matter.
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