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This work shows the relation between emergent space-time and the Schrödinger equation. An additional inertial contribution from an effective potential field is incorporated into Newton's second law through an extended definition of the distance of a particle from a holographic screen and the associated change in entropy. From the same principles, the Schrödinger equation is derived, showing an intimate relation between emergent space-time and quantum mechanics.

I. INTRODUCTION

A long standing challenge in physics is the unification of the laws of quantum mechanics and gravity. A candidate theory that has been developed to this end is M-theory, being the collection of several superstring theories [START_REF] Rickles | A Brief History of String Theory: From Dual Models to M-Theory[END_REF][START_REF] Witten | String theory dynamics in various dimensions[END_REF], showing an intriguing complexity. One of the developments resulting from string theory is the holographic principle that states that a 3+1 dimensional world can be thought of through dimensionality reduction as a 2+1 dimensional world, i.e. the information of a 3+1D world is encoded on a 2+1D world [START_REF] Hooft | Dimensional Reduction in Quantum Gravity[END_REF][START_REF] Susskind | The world as a hologram[END_REF]. This explicitly results in the AdS/CFT correspondence, relating the anti-de-Sitter spaces including quantum gravity expressed in M-theory to conformal field theories describing elementary particles [START_REF] Maldacena | The Large N limit of superconformal field theories and supergravity[END_REF].

In black hole thermodynamics studies it has been shown that a clear relation exists between gravity and thermodynamics [START_REF] Bekenstein | Black holes and entropy[END_REF][START_REF] Bardeen | The Four laws of black hole mechanics[END_REF][START_REF] Unruh | Notes on black hole evaporation[END_REF][START_REF] Jacobson | Thermodynamics of spacetime: The Einstein equation of state[END_REF][START_REF] Strominger | Microscopic origin of the Bekenstein-Hawking entropy[END_REF]. Using similar relations it has been shown, with the holographic principle as guiding assumption, that space-time and Newton's laws of motion and gravity emerge naturally from entropic origins [START_REF] Verlinde | On the Origin of Gravity and the Laws of Newton[END_REF][START_REF] Pan | Influence on the entropic force by the virtual degree of freedom on the holographic screen[END_REF][START_REF] Chaichian | On gravity as an entropic force[END_REF][START_REF] Chaichian | On entropic gravity: The entropy postulate, entropy content of screens and relation to quantum mechanics[END_REF][START_REF] Diósi | Note on possible emergence time of Newtonian gravity[END_REF]. In line with this, the role of information associated with space-time is shown by the appearance of the bound on information flow, i.e. the quantum of thermal conductance [START_REF] Dikken | Information, uncertainty and holographic action[END_REF]. Also the Heisenberg uncertainty relation derives from the bound on information flow [START_REF] Dikken | Information, uncertainty and holographic action[END_REF]. This strongly points to a relation between thermodynamics, gravity/emergent space-time and quantum mechanics [START_REF] Padmanabhan | Thermodynamical aspects of gravity: new insights[END_REF].

In this work, the relations between quantum mechanics and thermodynamics and emergent space-time are explicitly shown. The role of inertia in Newton's second law is revisited in Section II from an entropic perspective. In Section III it is shown how the Schrödinger equation naturally emerges from the first principles used in Ref. [START_REF] Verlinde | On the Origin of Gravity and the Laws of Newton[END_REF] to derive Newton's second law and Newtonian gravity.

II. INERTIA IN NEWTON'S SECOND LAW

To derive Newton's second law of motion, it is assumed in Ref. [START_REF] Verlinde | On the Origin of Gravity and the Laws of Newton[END_REF] that a particle with mass m at a distance ∆x from a holographic screen of temperature T merges with the microscopic degrees of freedom of the screen, leading to a change in entropy ∆S. This situation is schematically depicted in Fig. 1. In Ref. [START_REF] Verlinde | On the Origin of Gravity and the Laws of Newton[END_REF] the distance is defined as the Compton wavelength ∆x = mc , where is the Planck constant and c is the speed of light. This leads to a ∆x-dependent change in entropy: ∆S = 2k B mc ∆x, where k B is the Boltzmann constant. An extension of this picture in this work is to additionally associate an effective potential U with the particle. This changes the definition of ∆x, since momentum is no longer only given by mc, but an additional contribution comes through the effective potential, p U = t 0 F U ∆t. Since the particle merges with the microscopic degrees of freedom of the screen, the same geodesics apply for the particle as for the screen. The geodesics of the holo- graphic screen are light-like and thus the screen is described by a null-metric, ∆s 2 = 0, which entails the relation ∆t = ∆x/c [START_REF] Dikken | Information, uncertainty and holographic action[END_REF][START_REF] Munkhammar | On Non-Equilibrium Thermodynamics of Space-Time and Quantum Gravity[END_REF]. Using this, the relation between the additional momentum and the effective potential is obtained as:

p U = - t 0 ∆U ∆x ∆t = - U/2 0 ∆U c = -U/(2c).
Since every bit carries an amount of energy 1 2 k B T [START_REF] Verlinde | On the Origin of Gravity and the Laws of Newton[END_REF], the integration is performed from zero to U/2. Hence, the new definition for ∆x becomes:

∆x = mc -U/(2c) . (1) 
The implemented momentum definition is analogous to the modification of the momentum operator in a vector potential field, p → p -qA, commonly applied in the quantum mechanical description of particles in a vector potential field. Here we do not specify the characteristics of the effective potential U , which can be for instance an electro-static potential or a gravitational potential, etc. Following Ref. [START_REF] Verlinde | On the Origin of Gravity and the Laws of Newton[END_REF], we obtain a general linear relation between the change in entropy and the distance from the screen:

∆S = 2k B mc -U/(2c) ∆x. ( 2 
)
In general, the entropic force in the emergent bulk spacetime is proportional to the change in entropy of the screen, F ∆x = T ∆S. Substituting the change in entropy of Eq. 2, the general expression of the entropic force leads to

F = 2k B T mc -U/(2c) . (3) 
Through Unruhs law, the temperature T and the acceleration a are related,

k B T = 1 2 a c . (4) 
As explained in Ref. [START_REF] Verlinde | On the Origin of Gravity and the Laws of Newton[END_REF], in this context this relation should be thought of as the temperature that is required for the acceleration and not as the temperature caused by the acceleration. The last step to obtain Newton's second law of motion, with an additional inertial contribution from the effective potential, is the substitution of Eq. 4 in Eq. 3:

F = m - U 2c 2 a. (5) 
The derived expression is an extension of Newton's second law and states that inertia is not only related to mass, but also due to interaction with an effective potential field. The idea of additional inertia due to interaction with a potential field is long established, first by J.J. Thomson [START_REF] Thomson | On the electric and magnetic effects produced by the motion of electrified bodies[END_REF] for an electron in a magnetic field.

Based on this knowledge, the fundamental assumption in Eq. 2 is verified through the derivation of Eq. 5. This assumption is used in the following section to derive the Schrödinger equation.

III. ENTROPY AND THE SCHR ÖDINGER EQUATION

In this section, the Schrödinger equation is derived using the extension from Section II for the definition of ∆S. To this end, a relation between the entropy S and the wave-function ψ is required. This is obtained through the holographic relation between S and the effective action I [START_REF] Padmanabhan | Is gravity an intrinsically quantum phenomenon? From the entropy of space-time and the principle of equivalence[END_REF][START_REF] Caravelli | Holographic effective actions from black holes[END_REF]:

I = - S k B . ( 6 
)
Important to note is that Ref. 6 states a holographic relation, i.e. the effective action I relates to the emergent bulk and the entropy S relates to the screen. Furthermore, the wave-function and the effective action are related by ψ ≡ exp(i I/ ) [START_REF] Kompaneyets | Theoretical physics[END_REF]. Hence, the relation between entropy of the screen and wave-function of the particle in the emergent bulk is given by S = i k B ln ψ. Note that this relation does not entail that the entropy is complex, since the wavefunction itself is complex. The change in entropy is given by

∆S = i k B ∆(ln ψ). (7) 
Using the fact that ∆(ln ψ) = ∆ψ/ψ and equating Eq. 2 and Eq. 7, the following relation is obtained:

i ∆ψ ψ = 2 mc -U/(2c) ∆x. (8) 
Rearranging the terms and multiplying both sides of the equation by i 2 ∆ ∆x , we obtain

- 2 2m ∆ 2 ψ ∆x 2 = i c ∆ψ ∆x -i U 2mc ∆ψ ∆x . (9) 
For the moment we treat ∆ ∆x not as an operator, but simply as a variable, since it relates to the distance of the particle from the holographic screen. Rewriting the first term on the right-hand side of Eq. 9 by using ∆t = ∆x/c (see Section II), leads to

- 2 2m ∆ 2 ψ ∆x 2 = i ∆ψ ∆t -i U 2mc ∆ψ ∆x . ( 10 
)
For the second term on the right-hand side of Eq. 10, an explicit relation for ∆ψ ∆x is obtained by rewriting Eq. 8, ∆ψ ∆x = -2 i mc-U/(2c) ψ. By substituting this relation in Eq. 10, rearranging the terms and assuming infinitesimal variation, the following expression is obtained:

- 2 2m d 2 ψ dx 2 + U - U 2 2mc 2 ψ = i d ψ dt . (11) 
The obtained relation is a relativistic Schrödinger equation, where the relativistic effects are included through the term U 2 2mc 2 . If we make a connection with a real material and look at for instance the behavior of electrons in graphene, we observe that the electrons behave relativistically as quasi-particles with reduced mass. Hence, the term U 2 2mc 2 both includes relativistic behavior due to strong field interactions, where particles are accelerated to high velocities, and relativistic behavior through reduced mass.

In the weak interaction limit, U 2 2mc 2 → 0, Eq. 11 simplifies to the known Schrödinger equation:

- 2 2m d 2 ψ dx 2 + U ψ = i d ψ dt . (12) 
IV. CONCLUSIONS

This work uncovers the relation between quantum mechanics and emergent space-time. It is found that there exists a direct relation between the Schrödinger equation and the entropic principles from which space-time and gravity are emergent in Verlinde's conceptual theory.

The results in this work can be viewed from three perspectives: 1) emergent space-time has a quantum mechanical origin, 2) quantum mechanics emerges from entropic origins and 3) there is a duality between the quantum mechanical description and the entropic description.

It remains an open question which perspective will prove to be the correct one.
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 1 FIG. 1. Schematic representation of a particle with mass m in an effective potential field U that merges at distance ∆x with the microscopic degrees of freedom of a holographic screen with temperature T leading to a change in entropy ∆S.