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Abstract

The string axiverse of axion-like-particles (ALPs) can comprise the QCD axion, dark mat-
ter, and quintessence. It has been assumed without proof that, like field-theory ALPs,
such string-theory ALPs lead to early universe cosmic strings. We study such axiverse
cosmic string solutions, including moduli stabilization, finding the string cores explore
moduli space boundaries with central wrapped branes. Equivalence principle violating
variations in Standard Model parameters are also possible.
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1 Introduction

One of the most compelling motivations for physics beyond the Standard Model is the strong-
CP problem [1]. The Peccei-Quinn (PQ) solution [2] employs a new light pseudo Nambu-
Goldstone boson (pNGB) [3,4], the QCD axion, a(x), coupling to QCD via an anomaly term.
Non-perturbatively QCD generates a periodic potential for a, giving it a mass, and the QCD
6-parameter automatically relaxes to zero. In addition to solving the strong CP-problem, the
axion is also a successful cold dark matter (DM) candidate [5-7] with a rich phenomenology.

For the PQ-mechanism to work, however, the QCD potential must dominate all other
sources of explicit PQ breaking by 2 10'° [8-10], a non-trivial constraint as there is strong
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evidence that all global symmetries are explicitly broken by gravity [11-16]. Favouring the
PQ solution is the fact that (possibly heavy) axion-like-particles (ALPs) are ubiquitous in string
theory [17-19]. In fact, keeping the QCD axion sufficiently light in string theory implies there
exist many light ALPs a'(x) [19] - the string axiverse - one of which is the QCD axion while
others could be DM or quintessence. Unsurprisingly axiverse ALPs are thus the focus of an
extremely active experimental and observational detection effort.

Importantly for our purposes ALPs are always compact fields a'(x) € [0, 27 f!] where f! is
an energy scale. Thus in addition to ALP particle excitations one may also consider topologically
non-trivial axion cosmic string solitons where a'(x) winds a' — a'+2nnf! (n € Z) as some loop
in physical space is traversed [20,21]. In fact in traditional QCD axion models [22-25] a(x)
arises as the phase of the field whose vacuum expectation value (VEV) spontaneously breaks
global U(1) PQ symmetry, ®(x) = |®(x)|exp(ia(x)/f), with VEV {|®(x)|) = f/+2. Then,
for a cosmic string solution, |®'(x)| necessarily has a zero at some location, and this string
core region explores and is sensitive to UV physics. Although such axion strings become the
boundaries of axion domain walls once the ALPs acquire a mass, the decaying string/domain-
wall network is important for both relic axion DM production [26-30] and the generation of
stochastic gravitational wave backgrounds [21,31-34].

The origin and UV physics of axiverse ALPs is quite different to traditional QFT ALPs how-
ever (see Sec. 2), so one anticipates that axiverse cosmic string solutions, if they exist, will
be unlike those of QFT axions, at least in their cores. While some phenomenological aspects
of axiverse cosmic strings have been previously discussed there has been no proper analysis
of the solutions themselves in this important case, leaving their status and associated physics
uncertain. This is the subject of our work

2 String Axiverse Recap

Axiverse ALPs arise from the k-form fields present in the underlying string theory, such as the
2-form, By, of heterotic and type II, or the type II RR k-forms C; (see Sec.5). Vitally, a single
k > 1 form leads to a multiplicity of classically massless ALP candidates, a', determined by the
topology of the 6d Calabi-Yau (CY) compactification, Z. For example, if w; is a basis for the
h'! complex (1,1) harmonic forms (dual to closed 2-cycles) of Z then B, gives h>! potential
4d ALPs via B, = b'(x)w;. Related arguments apply to other k-form fields and k-cycles.

Crucially, as realistic compactifications are topologically rich, with 10" cycles, there are
a large number of potentially light 4d ALPs. A subset are lifted at tree level, but those that
survive remain massless in perturbation theory. The most attractive compactifications also
preserve A/ = 1 supersymmetry (SUSY) before moduli stabilization, so the a' are accompanied
by ‘saxions’ t' - scalar compactification moduli. The leading 4d effective action of the moduli
fields m' = a'(x) + it'(x) before including the stabilization potential is (m! = (m')*)

L= Gij(m,ﬁ)g“”é‘umiavmf (1)

where G; = o; 6J—K (m, m) with K the Kahler potential. The behaviour of G;; at moduli space
boundaries will be of special interest for the construction of axiverse strings.

A tree level vanishing moduli potential is protected from loop corrections but generated by
non-perturbative effects, which, as seen in realistic stabilization mechanisms, involve SUSY-
breaking. The t! receive masses, while the a', being pNGBs, can be separately protected and
often receive hierarchically smaller non-perturbative masses. In fact, this hierarchy in masses
essentially must exist if axiverse ALPs are light enough to be relevant for the strong CP-problem
or light ‘field’ DM.
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3 Axiverse Strings: Basics

Consider the simple case of compactification on a 6-manifold X, x T? with ALP arising from the
2-form B, with legs in the T2 directions, y,,, m = 1,2 (we do not need to specify X,). If h,,, is
the T2 internal metric, then p(x) = By, +iv/deth = p; +ip, is the dimensionless complexified
Kéhler ‘size’ modulus, and p; is our ALP of period 1. The domain, F, of inequivalent p fields
is the upper-half C-plane modulo SL(2,Z) - see Fig.1. The reduction of the 10d string action
gives K(p, p) o< log(ps),s0 G,5 o< 1/ 4p§, and the relevant Einstein-frame 4d effective action
of the light fields is

y—

ot pad
S=M2Jd4x\/—detg{guv%—V(p2)} . 2)

2

Here the 4d dilaton ¢ does not appear as we assumed it to be stiffly stabilised. (In Sec.4. we
return to this and discuss the physics that sets the scale M.) In Sec.6 the effect of an additional
non-perturbative potential for the axion is discussed assuming a well-separated hierarchy of
scales V(p5) > V(p;), so p, is much heavier than p;.

A crucial feature of eq.(2) is that the axion decay constant is set by the partner VEV:
foif = M /(¥/2(p5)). Thus, by analogy with usual QFT axion strings where f.g(x) = v/2 (|®(x)|)
has a zero at the string core, we expect axiverse cosmic strings to have cores where p, — 00,
namely at a suitable boundary of the moduli space. This expectation is essentially correct, and
generalises to axiverse strings arising from other compactifications.

Concerning V(p,), it must go to zero in the decompactification limit [35-39], p, — ©0,
and, for stabilization, have a local minimum at some p, = b > 0, with V(b) ~ 0. We require
b > 1 so that the stabilizing T2 is large and the leading-order action, eq.(1), is appropriate.
This is also necessary to sufficiently suppress the non-perturbative effects that would otherwise
lift all ALP masses and eliminate the axiverse [19]. We thus take V(p,) to be of the form shown
in Fig.2.

A simple potential with these properties is

V(ps) = ue™2(py — b)?, 3

where p?e™® < M? sets the scale. The canonical modulus mass is m, = 2bue /2 at
(p2) = b. The solution is indifferent to the shape of V for p, < b as long as b is a mini-
mum, while the exponential decline of V(p, — 00) in eq.(3) is for convenience - all results
are qualitatively unaffected as long as V(p, — 00) ~ 1/pZ forn > 0.

To proceed initially freeze the metric g,,,(x) = 1,,,. For an infinite string along the x;-axis
the solution depends only on the transverse coordinates z = x; +ix, = rexp(if). As analysed
in Ref. [40] in the absence of V, the equation following from eq.(2) is (here d = 3/, etc)

03p 2200 _ @)
pP—p
which is solved by any (anti)meromorphic p. However, these solutions are not directly physi-
cally relevant as they are greatly altered by the potential. Thus consider the ansatz

=0/2m,
P1 / (5)
P2 = pa(r)
for the elementary winding number w = 1 string. This leads to
d? 1d 1 (dpy)? 1 dv
ﬂ+—ﬂ——( pz) =2p}—, 6)
dr2 rdr py\ dr 4m2r2p, dp,

3
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Figure 1: Domain F of T2 Kihler moduli space with regions explored by I) inner core
(r <rp; pa > pp), ID outer core (r; < 1 < 1p), HI) far field (r > rp; b < py < po),
indicated.

with p,(r — 0) = 00, and p,(r — ©0) — b. The solution is then found by stitching together
the three regions - see Figs..1,2:

Region I) Inner core: 0 <r <y, 00 > py > Py
Region II) Outer core: r; <1 < rp, P; = P2 = Po
Region III) Far field: rp <r <00, pg>py>Db

For V(p,) of eq.(3) we take matching values po = b+ 1/a and p; = b +8/a > 1. The
features of the string solution do not depend on these specific choices.

In Region III V is important, and the solution asymptotes to (p,) = b. In the inner-core,
where p, — 00, V can be neglected. In between there is an ‘outer core’ transition region,
either ‘thick’ or ‘thin’. In more detail, the w = 1 solution in the r > r, region is

b

b T %

p2=>b
with 1/r2 behaviour characteristic of global cosmic strings. Given po=b + 1/a the outer core

4
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Figure 2: General shape of V(p,), with three regions delineated. Solid/dashed po-
tential curves illustrate the insensitivity of the cosmic string solution to the form of
V for p, < b.

radius is then ry ~ (a/ b)/2/2mm,. In the inner core the RHS of eq.(6) may be neglected,
giving an approximate w = 1 solution® valid for p > p; = b +8/a > 1,

exp(—27p;)
rr '

_ i
p(z,z) ~———log(cz), c= (8
21
Finally the non-universal, numerically-derived, outer-core solution stitches Region I and
I1I together.
The action, eq.(2), implies the w = 1 tension is

3.p4)? 1
T, = 2nM? drr|:( rPZZ) + 3 +,u26_ap2(/02—b)2] )
oy 4m2r2p;

Splitting this into contributions T; j; ;;; from the three regions, analysis shows that the far-
field part Ty;; is log-sensitive to the IR cutoff, L, while the leading inner-core contribution
gives AT, = 2M?/p;, independent of r; and finite despite the decompactification. Minimising
T, with respect to r; for fixed L, r, shows that the thin wall case requires a > 14m. For both
thin and thick wall cases, the tension at distance r > r, is logarithmic IR sensitive

2 2
Ty(r) ~ M log(rL)JrO(zl) , (10)
(0]

27tb2 b

similar to a normal global cosmic string.
Finally note that the action eq.(2) and domain of the T2 complex structure (CS) modulus
7 are identical to that for p, so these results apply to T2 CS strings too.

1As the p domain is F, rather than a strip of C as naively given by eq.(8), a more precise core solution is
j(p) = 1/cz where Klein’s modular j-function maps the fundamental domain, F, to C [40]. But for realistic
strings with moduli stabilised this is only needed for c|z| < 1. In terms of ¢ = exp(27ip), j(p) ~ ¢ + 744+ O(q)
for |g| < 1, so p(z) ~ —i(logcz + 744 cz + ...) /27 agreeing with eq.(8) up to errors of < 1% for p, > b > 2.
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4 Gravity and The Core

For r > ry the tension of an axiverse string goes as a conventional global string, naively IR-
divergent, eq.(10). For an isolated infinitely long static string this leads to a metric singularity
at large distances [41], but for the realistic situation of a string network the inter-string separa-
tion gives a finite effective L, and the metric is smooth. At intermediate distances, ro < r < L,
and in the observationally-required limit k(r) = 4Gy T,(r) < 1, the 4d metric is well ap-
proximated by ds* ~ (1—k(r)+ko)(dt*— dx3) — dr*— (1—2k(r))r*d6? implying both an
r-dependent deficit angle A6 ~ 27k(r) and the well-known gravitational repulsion [42]. The
V(p,)-dependent constant k is determined by matching to the core solution.

The mass scale, M, of the action, eq.(2) - equivalently the axion decay constant - may be
greatly reduced compared to My, if warped compactifications [18,43,44] are considered with
the cycle on which the ALP is defined localised in the IR region with warp factor e™° < 1. M
may also be lowered in SM-on-a-brane large volume compactifications with large string length
¢, = 2rtv/a’ [18]. Both constructions allow 4Gy T;(r) < 1 consistent with the gravitational
constraints on cosmic strings [45].

In the inner core the ansatz ds; = dt* —dx2 — p(z,Z)dzdz does not alter eq.(4), so eq.(8)
is still a solution [40]. Analysis of the 4d Einstein equations shows that p(z,z) ~ —log(r)
as r — 0. Importantly, since the decompactification is localised in 4d, My, remains finite, set
by the asymptotic (p,) = b. Strictly, though, the 4d effective theory breaks down for local
experiments as r — 0. A better description follows from a 6d theory with p;, p, replaced
by By, h,,,- One then sees that the B, and metric configuration is due to an effective string
in 6d oriented along the x3 axis that magnetically sources B, — the “solitonic" NS5-brane of
heterotic or type II theories wrapped on the X, part of X, x T2. Such an effective string is
well known [46,47]. Integrating the NS5 B, flux over the boundary at r — oo reproduces the
integer winding number of the axiverse string.

The dilaton ¢ becomes dynamical at scales r < 1/m,,, and the physics deviates from the
inner-core solution of Sec.3. The full 10d NS5-brane solution [46] becomes asymptotically
operative as r < min(1/m,,R4) where R, is the linear size of X,. (In other cases, involving
ALPs from RR k-forms the effective string at the core of the solution is a suitable wrapped
D-brane.) The connection of such wrapped brane sources with axionic cosmic string solutions
has also been recently noted [48,49].

5 General Axiverse Strings

We can generalise this analysis to large classes of axiverse strings. The solution depends on the
Gi;(m,ﬁ) metric behaviour in the limit Gi} — 0, as well as the potential V(m, m). We assume
V has three properties: a) There is a local minimum with V ~ 0 at which all non-ALP saxion
moduli, Im(m'), are stabilised; b) stabilization occurs at (Im(mi)> = b' > 1 to have control
over the 4d effective action; c) For Im(m!) — oo, V — 0.
The string solution is then a semi-geodesic “force-modified-motion" on the moduli space
found by solving
V2m' + r;’k(m)(me ).(Vm) =38.v(m), (11)

subject to appropriate boundary conditions. Here T is the connection derived from G. The
metric is most important in the core where the effects of V are small.

In addition to the heterotic and type II ALPs arising from B, (Sec.2), type II strings on a
CY orientifold Z also have ALPs arising from RR k-forms C;. As orientifolds now have fields
and basis forms split into even/odd sectors, for IIA the result is ht! complex Kihler moduli T

defined by expanding B, +iJ = T'w; = (b' +it!)w; where w; is a basis of k! odd (1,1)-forms

6
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and J is the Kahler (1,1)-form of Z. The saxion components t! measure the (dimensionless)
size of 2-cycles of Z. These are accompanied by h*! +1 CS moduli, including the axio-dilaton,
with ALPs 3¢ defined by C; = % (x)a,. Here a, are a basis of even harmonic 3-forms on
Z [18,50].

For IIB, there are h}r’l Kihler moduli with ALPs ¢’ defined by C, = c(x)®; where &;
are a basis of even (2,2) forms dual to the even (1,1)-forms. The associated saxion compo-
nents 7!(x) measure the size of 4-cycles of Z. In addition there are hl! ALPs dt arising from
C, = d'(x)w;, and also the 4d axio-dilaton field S [50,51].

A fraction of these ALPs can be made massive at tree level by a variety of mechanisms, but
some remain massless before non-perturbative lifting, and are candidates for cosmic strings.
(A wide variety of ALPs also exist in Type I string theory and M-theory with similar features.)

Turning to the kinetic metric, consider, eg heterotic and IIA Kihler T' = b' + it' mod-
uli. Since for a 6d CY its volume V(x) = Kl-jktitjtk/6 where x;j; = fz wi A w; A wy is
the integer-valued triple intersection number, and the leading Kéhler potential is of form
K =—2log(V +...) one finds for heterotic and IIA cases

(12)

up to corrections which are small if t! > 1. Note that GB2(t! — 00) ~ 1/t just like the 1/ pg
scaling of the T2 metric. Up to a factor of the coupling gs2 the metric for the C, and 2-cycle d*
ALPs in IIB is identical to eq.(12), while for the c'-moduli of IIB arising from C, and 4-cycles

ted (gt N
82 2V U

Gr) =g ( (13)

an implicit function of the 4-cycle (strictly, divisor) volumes 7; = Kl-jktjtk /2. As 1 — o0,
G ~1/72.

A simple two Kéhler moduli example is the IIB orientifold of a degree-18 hypersurface
in P?1,1,1,6,9) with V = (3t3ts + 18t;t2 + 36t3)/6 where ty, t5 are the 2-cycle volumes. (For
this model all CS/dilaton moduli can be flux stabilised [52], while Ref. [53] demonstrated
successful Kihler moduli stabilization.) The 4-cycle volumes, the partners of the ¢*> ALPs
from Cy4, are 74 = tf/z and 75 = (t; +6t5)?/2 giving V = (T‘;’/Z —Ti/z)/9\/§. The G% metric
is thus

gsz ([2’1—4 + T:;/Z/T}‘_/z]/s _(T475)1/2 ) (14)
2 . 1/2 3/2, 1/2 .
36V (T475) [2T5+ 7,7 /75'"]1/3

Now consider a string formed by the winding of ¢°. The inner core behaviour is found by ex-
panding the metric in the limit 75 — 00, 7,4 = fixed, giving a diagonal metric with G55 ~ 3/ T%.
As this is the same 1/ p% scaling as for T2, and by definition the potential is unimportant in
the inner core, the inner core behaviour of m®> = ¢® + it> derived from eq.(11) is identical
to eq.(8) except the decompactification is to 8d! In Region III the metric is effectively frozen
at its asymptotic value, so one again finds a 1/r? dependence in the appropriate combination
of moduli (upon diagonalising the asymptotic metric) as in eq.(7), and a tension of the same
form as eq.(10). Only for the detailed outer-core matching does the full kinetic metric and
potential need to be kept. Finally, as emphasised in Sec.4, in the deep inner core the fields
are sourced by an effective ‘magnetic’ string in the decompactified 8d theory. In the case of an
ALP from the RR C, this string in 8d arises from a D3 brane wrapped over the dual 2-cycle to
Ts (see also [48,49]).

In all cases we have examined we have found qualitatively similar behaviour to that of
Secs.3,4, though we do not know if this covers all axiverse string possibilities.
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6 Phenomenology

We now briefly discuss aspects of the phenomenology. In the full theory axion strings al-
ways bound domain walls due to the tiny non-perturbatively generated mass of the ALP it-
self. The string/domain-wall network thus ultimately decays (for this reason axion strings
were excluded from consideration in [54]). Nevertheless the presence of the decaying net-
work can lead to important physical effects, such as gravitational waves [31-34]. In partic-
ular, as some of the axiverse ALP masses can be as small as 1072 eV (for dark matter) or
even Hy ~ 10723 eV [19] (implementing quintessence), the network can survive to the post-
recombination epoch or even the present. Moreover, if the axion couples to electromagnetism
strings can give rise to quantised polarisation rotation of CMBR photons, as well as zero modes
mandated by index theorems and thus associated forms of superconductivity [ 55-65].

As striking, the long-distance 1/r? variation, eq.(7), of the associated non-ALP modulus
Im(m') leads to new effects characteristic of axiverse strings. One variation that is essentially
guaranteed is the mass of the ALP itself, as almost always the non-perturbative effects that
set the potential |V| ~ exp(—S[Im(m')]) depend exponentially on Im(m'); here S is a suitable
instanton action. Moreover SM Yukawa couplings of the light quarks and leptons in string
theory also often depend exponentially on moduli as they too are generated non-perturbatively
[66-68], so masses and mixings of the light SM fermions can vary strongly in the vicinity of
the string. These changes are typically equivalence principle violating.

Finally, we believe that our axiverse cosmic strings will be formed in the early universe by
similar physics to that of the D-brane inflation production mechanisms of macroscopic cosmic
F- and D-strings [54,69-71].

These issues will be elucidated in future work.

Acknowledgements

We are grateful to Ed Hardy for comments. HT thanks the STFC for a postgraduate studentship
during the completion of this work.

References

[1] R. D. Peccei, The Strong CP Problem, Adv. Ser. Direct. High Energy Phys. 3, 503 (1989),
doi:10.1142/9789814503280 _0013.

[2] R. Peccei and H. Quinn, CP Conservation in the Presence of Instantons, Phys.Rev.Lett. 38,
1440 (1977), doi:10.1103/PhysRevLett.38.1440.

[3] S. Weinberg, A New Light Boson?, Phys.Rev.Lett. 40, 223 (1978),
doi:10.1103/PhysRevLett.40.223.

[4] E Wilczek, Problem of Strong P and T Invariance in the Presence of Instantons,
Phys.Rev.Lett. 40, 279 (1978), doi:10.1103/PhysRevLett.40.279.

[5] J. Preskill, M. B. Wise and F. Wilczek, Cosmology of the Invisible Axion, Phys.Lett.B 120,
127 (1983), doi:10.1016/0370-2693(83)90637-8.

[6] L. E Abbott and P, Sikivie, A Cosmological Bound on the Invisible Axion, Phys.Lett.B 120,
133 (1983), doi:10.1016/0370-2693(83)90638-X.


https://doi.org/10.1142/9789814503280_0013
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X

SciPost Physics Submission

[7] M. Dine and W. Fischler, The Not So Harmless Axion, Phys.Lett.B 120, 137 (1983),
doi:10.1016/0370-2693(83)90639-1.

[8] M. Kamionkowski and J. March-Russell, Planck scale physics and the Peccei-Quinn mech-
anism, Phys.Lett.B 282, 137 (1992), do0i:10.1016/0370-2693(92)90492-M, hep-th/
9202003.

[9] R. Holman, S. D. H. Hsu, T. W. Kephart, E. W. Kolb, R. Watkins and L. M. Widrow, So-
[utions to the strong CP problem in a world with gravity, Phys.Lett.B 282, 132 (1992),
d0i:10.1016/0370-2693(92)90491-L, hep-ph/9203206.

[10] S. M. Barr and D. Seckel, Planck scale corrections to axion models, Phys.Rev.D 46, 539
(1992), doi:10.1103/PhysRevD.46.539.

[11] S. Giddings and A. Strominger, Axion Induced Topology Change in Quantum Gravity and
String Theory, Nucl.Phys.B 306, 890 (1988), d0i:10.1016/0550-3213(88)90446-4.

[12] T. Banks and L. J. Dixon, Constraints on String Vacua with Space-Time Supersymmetry,
Nucl.Phys.B 307, 93 (1988), do0i:10.1016/0550-3213(88)90523-8.

[13] S. Coleman and K.-M. Lee, WORMHOLES MADE WITHOUT MASSLESS MATTER FIELDS,
Nucl.Phys.B 329, 387 (1990), d0i:10.1016/0550-3213(90)90149-8.

[14] T. Banks and N. Seiberg, Symmetries and Strings in Field Theory and Gravity, Phys.Rev.D
83, 084019 (2011), doi:10.1103/PhysRevD.83.084019, 1011.5120.

[15] D. Harlow and H. Ooguri, Symmetries in quantum field theory and quantum gravity,
Commun.Math.Phys. 383(3), 1669 (2021), doi:10.1007/s00220-021-04040-y, 1810.
05338.

[16] T. Daus, A. Hebecker, S. Leonhardt and J. March-Russell, Towards a Swampland
Global Symmetry Conjecture using weak gravity, Nucl.Phys.B 960, 115167 (2020),
doi:10.1016/j.nuclphysb.2020.115167, 2002.02456.

[17] E. Witten, Some Properties of O(32) Superstrings, Phys.Lett.B 149, 351 (1984),
doi:10.1016/0370-2693(84)90422-2.

[18] P Svrcek and E. Witten, Axions In String Theory, JHEP 06, 051 (2006),
doi:10.1088/1126-6708/2006/06/051, hep-th/0605206.

[19] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper and J. March-Russell, String
Axiverse, Phys.Rev.D 81, 123530 (2010), doi:10.1103/PhysRevD.81.123530, 0905.
4720.

[20] A. Vilenkin and A. Everett, Cosmic Strings and Domain Walls in Models
with Goldstone and PseudoGoldstone Bosons, Phys.Rev.Lett. 48, 1867 (1982),
doi:10.1103/PhysRevLett.48.1867.

[21] A. Vilenkin and E. P S. Shellard, Cosmic Strings and Other Topological Defects, CUR, ISBN
978-0-521-65476-0 (2000).

[22] J. E. Kim, Weak Interaction Singlet and Strong CP Invariance, Phys.Rev.Lett. 43, 103
(1979), doi:10.1103/PhysRevLett.43.103.

[23] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Can Confinement Ensure Natural CP
Invariance of Strong Interactions?, Nucl.Phys.B 166, 493 (1980), doi:10.1016/0550-
3213(80)90209-6.


https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(92)90492-M
hep-th/9202003
hep-th/9202003
https://doi.org/10.1016/0370-2693(92)90491-L
hep-ph/9203206
https://doi.org/10.1103/PhysRevD.46.539
https://doi.org/10.1016/0550-3213(88)90446-4
https://doi.org/10.1016/0550-3213(88)90523-8
https://doi.org/10.1016/0550-3213(90)90149-8
https://doi.org/10.1103/PhysRevD.83.084019
1011.5120
https://doi.org/10.1007/s00220-021-04040-y
1810.05338
1810.05338
https://doi.org/10.1016/j.nuclphysb.2020.115167
2002.02456
https://doi.org/10.1016/0370-2693(84)90422-2
https://doi.org/10.1088/1126-6708/2006/06/051
hep-th/0605206
https://doi.org/10.1103/PhysRevD.81.123530
0905.4720
0905.4720
https://doi.org/10.1103/PhysRevLett.48.1867
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0550-3213(80)90209-6

SciPost Physics Submission

[24] A. R. Zhitnitsky, On Possible Suppression of the Axion Hadron Interactions. (In Russian),
Sov.J.Nucl.Phys. 31, 260 (1980).

[25] M. Dine, W. Fischler and M. Srednicki, A Simple Solution to the Strong CP Problem with
a Harmless Axion, Phys.Lett.B 104, 199 (1981), doi:10.1016/0370-2693(81)90590-6.

[26] R. L. Davis, Cosmic Axions from Cosmic Strings, Phys.Lett.B 180, 225 (1986),
doi:10.1016/0370-2693(86)90300-X.

[27] D. Harari and P Sikivie, On the Evolution of Global Strings in the Early Universe,
Phys.Lett.B 195, 361 (1987), doi:10.1016/0370-2693(87)90032-3.

[28] R. A. Battye and E. P S. Shellard, Global string radiation, Nucl.Phys.B 423, 260 (1994),
doi:10.1016/0550-3213(94)90573-8, astro-ph/9311017.

[29] T. Hiramatsu, M. Kawasaki, K. Saikawa and T. Sekiguchi, Production of dark mat-
ter axions from collapse of string-wall systems, Phys.Rev.D 85, 105020 (2012),
doi:10.1103/PhysRevD.85.105020, [Erratum: Phys.Rev.D86, 089902 (2012)], 1202.
5851.

[30] M. Gorghetto, E. Hardy and G. Villadoro, Axions from Strings: the Attractive Solution,
JHEP 07, 151 (2018), doi:10.1007/JHEP07(2018)151, 1806.04677.

[31] M. B. Hindmarsh and T. W. B. Kibble, Cosmic strings, Rept. Prog. Phys. 58, 477 (1995),
doi:10.1088/0034-4885/58/5/001, hep-ph/9411342.

[32] K. Saikawa, A review of gravitational waves from cosmic domain walls, Universe 3(2), 40
(2017), doi:10.3390/universe3020040, 1703.02576.

[33] M. Gorghetto, E. Hardy and H. Nicolaescu, Observing invisible axions with gravitational
waves, JCAP 06, 034 (2021), doi:10.1088/1475-7516/2021/06/034, 2101.11007.

[34] C.-E Chang and Y. Cui, Gravitational waves from global cosmic strings and cosmic archae-
ology, JHEP 03, 114 (2022), doi:10.1007/JHEP03(2022)114, 2106.09746.

[35] S. Giddings and R. Myers, Spontaneous decompactification, Phys.Rev.D 70, 046005
(2004), doi:10.1103/PhysRevD.70.046005, hep-th/0404220.

[36] H. Ooguri and C. Vafa, On the Geometry of the String Landscape and the Swampland,
Nucl.Phys.B 766, 21 (2007), doi:10.1016/j.nuclphysb.2006.10.033, hep-th/0605264.

[37] R. Blumenhagen, D. Klawer, L. Schlechter and E Wolf, = The Refined Swamp-
land Distance Conjecture in Calabi-Yau Moduli Spaces, JHEP 06, 052 (2018),
doi:10.1007/JHEP06(2018)052, 1803.04989.

[38] H. Ooguri, E. Palti, G. Shiu and C. Vafa, Distance and de Sitter Conjectures on the Swamp-
land, Phys.Lett.B 788, 180 (2019), doi:10.1016/j.physletb.2018.11.018, 1810.05506.

[39] A. Hebecker and T. Wrase, The Asymptotic dS Swampland Conjecture - a Simpli-
fied Derivation and a Potential Loophole, Fortsch.Phys. 67(1-2), 1800097 (2019),
doi:10.1002/prop.201800097, 1810.08182.

[40] B.R.Greene, A. D. Shapere, C. Vafa and S.-T. Yau, Stringy Cosmic Strings and Noncompact
Calabi-Yau Manifolds, Nucl.Phys.B 337, 1 (1990), doi:10.1016/0550-3213(90)90248-C.

[41] A. Cohen and D. Kaplan, The Exact Metric About Global Cosmic Strings, Phys.Lett.B 215,
67 (1988), doi:10.1016/0370-2693(88)91072-6.

10


https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(86)90300-X
https://doi.org/10.1016/0370-2693(87)90032-3
https://doi.org/10.1016/0550-3213(94)90573-8
astro-ph/9311017
https://doi.org/10.1103/PhysRevD.85.105020
1202.5851
1202.5851
https://doi.org/10.1007/JHEP07(2018)151
1806.04677
https://doi.org/10.1088/0034-4885/58/5/001
hep-ph/9411342
https://doi.org/10.3390/universe3020040
1703.02576
https://doi.org/10.1088/1475-7516/2021/06/034
2101.11007
https://doi.org/10.1007/JHEP03(2022)114
2106.09746
https://doi.org/10.1103/PhysRevD.70.046005
hep-th/0404220
https://doi.org/10.1016/j.nuclphysb.2006.10.033
hep-th/0605264
https://doi.org/10.1007/JHEP06(2018)052
1803.04989
https://doi.org/10.1016/j.physletb.2018.11.018
1810.05506
https://doi.org/10.1002/prop.201800097
1810.08182
https://doi.org/10.1016/0550-3213(90)90248-C
https://doi.org/10.1016/0370-2693(88)91072-6

SciPost Physics Submission

[42] D. Harari and P, Sikivie, The Gravitational Field of a Global String, Phys.Rev.D 37, 3438
(1988), doi:10.1103/PhysRevD.37.3438.

[43] T. Flacke, B. Gripaios, J. March-Russell and D. Maybury, Warped axions, JHEP 01, 061
(2007), doi:10.1088/1126-6708/2007/01/061, hep-ph/0611278.

[44] L. Randall and R. Sundrum, A Large mass hierarchy from a small extra dimension,
Phys.Rev.Lett. 83, 3370 (1999), doi:10.1103/PhysRevLett.83.3370, hep-ph/9905221.

[45] R. Abbott et al, Constraints on Cosmic Strings Using Data from the Third
Advanced LIGO-Virgo Observing Run, Phys.Rev.Lett. 126(24), 241102 (2021),
doi:10.1103/PhysRevLett.126.241102, 2101.12248.

[46] J. Polchinski, String theory. Vol. 2: Superstring theory and beyond, CUB ISBN 978-0-511-
25228-0, 978-0-521-63304-8, 978-0-521-67228-3, d0i:10.1017/CB09780511618123
(2007).

[47] J. P Gauntlett, Branes, calibrations and supergravity, Clay Math.Proc. 3, 79 (2004),
hep-th/0305074.

[48] S.Lanza, E Marchesano, L. Martucci and I. Valenzuela, Swampland conjectures for strings
and membranes, JHEP 2021(2) (2021), doi:10.1007/jhep02(2021)006.

[49] S. Lanza, F Marchesano, L. Martucci and I. Valenzuela (2021), 2104.05726.

[50] L. E. Ibanez and A. M. Uranga, String theory and particle physics: An introduction to
string phenomenology, Cambridge University Press, ISBN 978-0-521-51752-2, 978-1-
139-22742-1 (2012).

[51] M. Cicoli, M. Goodsell and A. Ringwald, The type IIB string axiverse and its low-energy
phenomenology, JHEP 10, 146 (2012), doi:10.1007/JHEP10(2012)146, 1206.0819.

[52] E Denef, M. R. Douglas and B. Florea, Building a better racetrack, JHEP 06, 034 (2004),
doi:10.1088/1126-6708/2004/06/034, hep-th/0404257.

[53] V. Balasubramanian, P Berglund, J. P Conlon and E Quevedo, Systematics of moduli sta-
bilisation in Calabi-Yau flux compactifications, JHEP 03, 007 (2005), doi:10.1088/1126-
6708/2005/03/007, hep-th/0502058.

[54] E. Copeland, R. Myers and J. Polchinski, Cosmic F and D strings, JHEP 06, 013 (2004),
doi:10.1088/1126-6708/2004/06/013, hep-th/0312067.

[55] E. Witten, Superconducting Strings, Nucl.Phys.B 249, 557 (1985), doi:10.1016/0550-
3213(85)90022-7.

[56] C. Callan and J. Harvey, Anomalies and Fermion Zero Modes on Strings and Domain Walls,
Nucl.Phys.B 250, 427 (1985), doi:10.1016/0550-3213(85)90489-4.

[57] A. Manohar, Anomalous Vortices and Electromagnetism. 2., Phys.Lett.B 206, 276 (1988),
doi:10.1016/0370-2693(88)91505-5, [Erratum: Phys.Lett. 209, 543 (1988)].

[58] M. G. Alford, K. Benson, S. R. Coleman, J. March-Russell and E Wilczek, The In-
teractions and Excitations of Nonabelian Vortices, Phys.Rev.Lett. 64, 1632 (1990),
doi:10.1103/PhysRevlLett.64.1632, [Erratum: Phys.Rev.Lett. 65, 668 (1990)].

11


https://doi.org/10.1103/PhysRevD.37.3438
https://doi.org/10.1088/1126-6708/2007/01/061
hep-ph/0611278
https://doi.org/10.1103/PhysRevLett.83.3370
hep-ph/9905221
https://doi.org/10.1103/PhysRevLett.126.241102
2101.12248
https://doi.org/10.1017/CBO9780511618123
hep-th/0305074
https://doi.org/10.1007/jhep02(2021)006
2104.05726
https://doi.org/10.1007/JHEP10(2012)146
1206.0819
https://doi.org/10.1088/1126-6708/2004/06/034
hep-th/0404257
https://doi.org/10.1088/1126-6708/2005/03/007
https://doi.org/10.1088/1126-6708/2005/03/007
hep-th/0502058
https://doi.org/10.1088/1126-6708/2004/06/013
hep-th/0312067
https://doi.org/10.1016/0550-3213(85)90022-7
https://doi.org/10.1016/0550-3213(85)90022-7
https://doi.org/10.1016/0550-3213(85)90489-4
https://doi.org/10.1016/0370-2693(88)91505-5
https://doi.org/10.1103/PhysRevLett.64.1632

SciPost Physics Submission

[59] M. G. Alford, K. Benson, S. R. Coleman, J. March-Russell and E Wilczek, Zero modes of
nonabelian vortices, Nucl.Phys.B 349, 414 (1991), doi:10.1016/0550-3213(91)90331-

Q.

[60] R. H. Brandenberger, B. Carter, A.-C. Davis and M. Trodden, Cosmic vortons and parti-
cle physics constraints, Phys.Rev.D 54, 6059 (1996), doi:10.1103/PhysRevD.54.6059,
hep-ph/9605382.

[61] P Agrawal, A. Hook and J. Huang, A CMB Millikan experiment with cosmic axiverse strings,
JHEP 07, 138 (2020), doi:10.1007/JHEP07(2020)138, 1912.02823.

[62] P Agrawal, A. Hook, J. Huang and G. Marques-Tavares, Axion string signatures: da
cosmological plasma collider, JHEP 01, 103 (2022), doi:10.1007/JHEP01(2022)103,
2010.15848.

[63] H. Fukuda, A. Manohar, H. Murayama and O. Telem, Axion strings are superconducting,
JHEP 06, 052 (2021), doi:10.1007/JHEP06(2021)052, 2010.02763.

[64] M. Jain, A. J. Long and M. A. Amin, CMB birefringence from ultralight-axion string net-
works, JCAP 2021(05), 055 (2021), doi:10.1088/1475-7516/2021/05/055.

[65] G. B. Gelmini, A. Simpson and E. Vitagliano, Gravitational waves from ax-
ionlike particle cosmic string-wall networks,  Physical Review D 104(6) (2021),
doi:10.1103/physrevd.104.1061301.

[66] D. Cremades, L. E. Ibanez and F Marchesano, Yukawa couplings in intersecting D-
brane models, JHEP 07, 038 (2003), doi:10.1088/1126-6708/2003/07/038, hep-th/
0302105.

[67] L. E. Ibanez and A. M. Uranga, Neutrino Majorana Masses from String Theory Instanton
Effects, JHEP 03, 052 (2007), doi:10.1088/1126-6708/2007/03/052, hep-th/0609213.

[68] R. Blumenhagen, M. Cvetic, D. Lust, R. Richter and T. Weigand, Non-perturbative
Yukawa Couplings from String Instantons,  Phys.Rev.Lett. 100, 061602 (2008),
doi:10.1103/PhysRevLett.100.061602, 0707.1871.

[69] G. Dvali and S.-H. Tye, Brane inflation, Phys.Lett.B 450(1-3), 72-82 (1999),
doi:10.1016/s0370-2693(99)00132-x.

[70] S. Sarangi and S.-H. Tye, Cosmic string production towards the end of brane inflation,
Phys.Lett.B 536(3-4), 185-192 (2002), d0i:10.1016/s0370-2693(02)01824-5.

[71] N. Jones, H. Stoica and S.-H. Tye, The production, spectrum and evolution of cosmic
strings in brane inflation, Phys.Lett.B 563(1-2), 6-14 (2003), doi:10.1016/s0370-
2693(03)00592-6.

12


https://doi.org/10.1016/0550-3213(91)90331-Q
https://doi.org/10.1016/0550-3213(91)90331-Q
https://doi.org/10.1103/PhysRevD.54.6059
hep-ph/9605382
https://doi.org/10.1007/JHEP07(2020)138
1912.02823
https://doi.org/10.1007/JHEP01(2022)103
2010.15848
https://doi.org/10.1007/JHEP06(2021)052
2010.02763
https://doi.org/10.1088/1475-7516/2021/05/055
https://doi.org/10.1103/physrevd.104.l061301
https://doi.org/10.1088/1126-6708/2003/07/038
hep-th/0302105
hep-th/0302105
https://doi.org/10.1088/1126-6708/2007/03/052
hep-th/0609213
https://doi.org/10.1103/PhysRevLett.100.061602
0707.1871
https://doi.org/10.1016/s0370-2693(99)00132-x
https://doi.org/10.1016/s0370-2693(02)01824-5
https://doi.org/10.1016/s0370-2693(03)00592-6
https://doi.org/10.1016/s0370-2693(03)00592-6

	Introduction
	String Axiverse Recap
	Axiverse Strings: Basics
	Gravity and The Core
	General Axiverse Strings
	Phenomenology
	References

